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Abstract. An analysis model for predicting the tip bearing capacity of drilled shafts in cohesionless soils is
improved in this study. The evaluation is based on large amounts of drilled shaft load test data. Assessment
on the analysis model reveals a greater variation in two coefficients, namely, the overburden bearing
capacity factor (V,) and the bearing capacity modifier for soil rigidity (). These factors are modified from
the back analysis of drilled shaft load test results. Different effective shaft depths and interpreted capacities
at various loading stages (i.e., low, middle, and high) are adopted for the back calculation. Results show that
the modified bearing capacity coefficients maintain their basic relationship with soil effective friction angle
(#), in which the N, increases and {,, decreases as ¢ increases. The suggested effective shaft depth is limited
to 15B (B = shaft diameter) for the evaluation of effective overburden pressure. Specific design
recommendations for the tip bearing capacity analysis of drilled shafts in cohesionless soils are given for
engineering practice.
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1. Introduction

Tip resistance is an essential source of drilled shaft capacity under axial compression loading.
The contribution of tip resistance is relatively significant for shorter shafts or when the shaft
penetrates through layers of soft soils where side resistance is limited. Various soil-bearing
capacity equations from the literature can be applied to estimate the tip capacity.

Researchers (Hansen 1970, Vesic 1975, Kulhawy et al. 1983) have continually improved the
general solution of the ultimate soil bearing capacity (q.;). Often, to evaluate the ability of an
analysis model to predict shaft capacity, field load tests are used (Zhang et al. 2006, Schneider et
al. 2008, Cai et al. 2009, 2012, Ching and Chen 2010) because they provide a convenient way of
comparison between predicted and measured capacities. Recently, Chen et al. (2009), based on a
wide range of compression field load test data, performed an extensive evaluation of tip bearing
capacity of drilled shafts from a representative analysis model. The examined model (Kulhawy
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1991) was a modified Terzaghi-Buisman equation for the solution of ¢,;, (Vesic 1975). Although
such prediction method provided reasonable results for shafts in cohesive soils, this method greatly
overestimated the tip capacity of drilled shafts in cohesionless soils as shown in Fig. 1. On the
average, the predicted result is approximately 9-times higher than the measured result. The same
model was also adopted in the studies by Chen (2010) and Marcos et al. (2011) for pre-bored
precast concrete piles and by Chu (2009) for drilled shafts in gravelly soils. Results from these
studies show similar tip capacity overprediction with varying degrees, which can be attributed to
the differences in pile construction and installation.

Chen et al. (2009) further analyzed possible reasons that caused overestimation in cohesionless
soils. According to their previous findings, overestimation is most likely caused by the effective
overburden pressure (q), overburden bearing capacity factor (N,), and other related analysis
coefficients. Improvement of these factors had been suggested. Vesic (1963) and the Department
of the Navy, Naval Facilities Engineering Command (1982) also focused on the study of bearing
capacity and explained that the point bearing capacity of a pile in sandy soils generally increases
with depth, up to a so-called critical depth. The capacity becomes constant beyond this depth.
Hence, for relatively large pile lengths, the analysis of effective overburden pressure can reach a
maximum value at a depth of embedment known as the effective depth.
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Fig. 1 Comparison of predicted and measured tip resistances in cohesionless soils (Chen et al. 2009)
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In the present study, an analysis model for calculating the tip bearing capacity is carefully
improved to predict more efficiently the behavior of drilled shafts in cohesionless soils. The
modification is based on back-analysis utilizing a large number of drilled shaft field load test data.
The authors, however, are aware that the improvement can be fully accomplished in the light of
theory. Nevertheless, this study can practically be adopted for preliminary drilled shaft design or
practical engineering application. Information on drilled shaft load tests is collected for the
evaluation. The variability of each factor in the analysis model is first determined, and the factors
that exhibit great variation are critically assessed and modified.

2. Drilled shaft load test data

The current study primarily aims to extend the research of Fang (2007) and Chen et al. (2009),
specifically on the cohesionless soil analysis for drilled shafts. The aforementioned researchers
collected 100 compression field load tests in 56 sites for cohesionless soils. All of the selected
tests had almost complete geological data and load-displacement curves, and all were conducted
on straight-sided drilled shafts. The basic information and interpreted capacities of these shafts are
shown in Table 1. Both the total and tip interpreted capacities that were deduced from selected
interpretation criteria are indicated in the table. All of the data were from field test information and
load-displacement results of static shaft load tests. The amount of data is sufficiently large,
reflecting common field situations, and the data can be a representative for the evaluation. The
construction method is listed to assess the influence of shaft installation procedures on tip capacity.
Based on the available data in Table 1 and the result in Fig. 1, the difference in behavior of various
construction methods is minimal.

The interpretation criteria L;-L, by Hirany and Kulhawy (1988, 2002) and Chin method (Chin
1970) were selected to measure the load carrying capacity of the shafts. The L;-L, is a graphical
construction method, where L, is defined as the load at the end of the initial region of the
load-displacement curve (elastic limit), and L, is the load at the initiation of the final linear region
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Fig. 2 Regions of L, L,, and Chin interpretation criteria within the load-displacement curve
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Table 2 Statistical information for drilled shaft load test data

Statistics® Depth, D (m) Diameter, B (m) D/B G () O, ¢ (kN) Ouaipy * (KN)
n 100 100 100 100 100 100
Range 5-69 0.2-2.0 5.1-62.5 31-46 180-35821 36-6800
Mean 28.4 1.0 28.1 39.8 7853 1530
SD 18.1 0.4 14.4 4.2 6875 1270
cov 0.64 0.39 0.51 0.11 0.88 0.83
* n = number of data, SD = standard deviation, COV = coefficient of variation
® average friction angle from triaxial compression, triaxial extension, and direct simple shear tests
Z interpreted pile capacity by L, method

interpreted tip capacity by L, method

(failure threshold). The capacity by Chin is extrapolated by dividing each settlement with its
corresponding load, and plotting the resulting value against the settlement. An approximate linear
relationship can be observed. The inverse slope of this line is the interpreted capacity by Chin.
Chen et al. (2008), Chen and Fang (2009), and Chen and Chu (2012) suggested that the
interpretation limits for engineering design, including the lower limit (allowable load stage), the
middle (design load stage), and the upper limit (limit failure load stage) as shown in Fig. 2 can be
represented by L, L,, and Chin, respectively.

The measured tip resistance (Q,.,) can be proportioned from the total interpreted compression
capacity using the load-distribution curve along the shaft length. However, some load tests are not
instrumented with strain gages. Previously, Chen and Kulhawy (1994) and Fang (2007) utilized
field load test data to assess the distribution ratio of the tip and side capacities. Results from these
studies show that the tip capacity from L, and L, methods can be proportioned as 11% and 20% of
the total capacity, respectively. Alternatively, these results are adopted to infer the Q,., in cases
where the load test report did not present the load distribution curve. The interpreted capacity by
Chin (1970) basically occurs at relatively large displacement, in which the side resistance is
essentially completed. Chen and Kulhawy (1994) and Chen et al. (2011) reviewed the side
resistance of drilled shafts using a large number of field test data and demonstrated that the
predicted and measured side resistances are relatively comparable and consistent. Therefore, the
tip bearing capacity by Chin is defined as the total interpreted capacity minus the predicted side
resistance. The tip capacities from L,, L,, and Chin are also listed in Table 1 as Qr1¢ip), Qraip), and
Ochin(ip), Tespectively.

For convenience, the ranges of shaft geometry, soil strength data, compression capacity, and
coefficient of variation (COV), which is the standard deviation (SD) divided by the mean value,
are summarized in Table 2. The ranges of geometry, soil friction angle, and tip capacity are broad.
Therefore, these load test data can be considered as representative for the present study.

3. Description of analysis model

The capacity of a drilled shaft in axial compression is the sum of the shaft tip capacity and side
resistance. Tip resistance is provided by the bearing capacity of the soil beneath the tip and can be
assessed by a commonly used bearing capacity theory. The ultimate bearing capacity (q,;) is
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evaluated and multiplied by pile area (4,;,) to predict the tip capacity (), as follows
thp =Gui ¥ Aiip (1)

The ultimate bearing capacity equation has been modified by many researchers. A few of these
modifications were presented by Hansen (1970), Vesic (1975), Kulhawy (1991), and Chen and
Kulhawy (1994). In drilled shaft design, one of the frequently used bearing capacity equation for
cohesionless soils is

qult = ququququ + 03;BNVC/} (2)

where g is the vertical effective overburden pressure. N, and N, are bearing capacity and overburden
pressure factors, respectively. (y, (4, and ,, are the modifiers of N, for foundation shape (s),
depth (d), and soil rigidity (r), respectively. y is the effective unit weight of soil. B is the shaft
diameter, and ¢, is the modifier of N, for soil rigidity. The detailed calculation of the factors and
modifiers can be found in the literature (Kulhawy 1991, Chen and Kulhawy 1994, Das 2010).
These factors are basically related to the soil effective friction angle (¢) beneath the shaft tip.
Based on a number of analyses in pile foundations that utilized this equation, the second term
(0.3y BN, () accounts for a negligibly small proportion of the overall capacity.

4. Research methods

The ultimate bearing capacity equation [Eq. (2)] is improved to facilitate a more reasonable
estimation of drilled shaft tip capacity. The factors and modifiers in the equation are assessed in
detail. However, as previously mentioned, the second term of the equation provides very small
proportion of the tip capacity compared with the first term. Therefore, the assessment is focused
on the parameter ¢ and factors N, (s, (u, and . The statistics for these coefficients based on the
originally predicted tip resistance (Chen et al. 2009) for the 100 drilled shaft load tests are
demonstrated in Table 3 to compare their variability. From the statistics, the parameter g and
factors N, and {, demonstrate considerably large coefficients of variation of 0.61, 0.54, and 0.51,
respectively. The results are consistent with those in the previous studies, where these factors
exhibit larger range of values among others. Hence, these factors are considered for the
improvement analysis of the bearing capacity equation.

To rationally represent the measured tip capacity and for practical engineering applications,
loading stages L;, L,, and Chin are adopted in the improvement. These limits possess different
factors to reflect various mobilized displacement states.

Based on previous analysis (Chen et al. 2009), the large variation is very explicit in shafts with
longer lengths. This manifestation reveals that the effective overburden pressure beneath the shaft
tip can greatly affect the behavior of the shaft. Therefore, varying effective depths, such as 10B,
15B, 20B, and 30B are considered to explore the effect of shaft depth and be the basis for the
improvement of the factors. The calculation of the parameter ¢ is limited to the effective depth in
cases where the shaft length exceeds the effective depth. The N,{,. values are back-calculated for
different loading stages at different effective depths using the measured tip capacity (Q,..) and Eq.
(2) for the 100 field load tests. The N,(, value is the product of any values of N, and {,,. To obtain
possible combinations of these two terms, Fortran program is used. Boundary conditions which are
based on the original range of (, (Fang 2007) are imposed for Fortran to generate random
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Table 3 Statistical comparison of bearing capacity factors and modifiers

Statistics ® N, Cos Ca Cor g (kN/m?)
n 100 100 100 100 100
Min. 21.63 1.61 1.24 0.09 37.18
Max. 164.07 2.04 1.42 0.94 766.52
Mean 75.37 1.84 1.33 0.30 323.87
SD 40.93 0.12 0.05 0.15 199.08
COV 0.54 0.07 0.04 0.51 0.61

* n = number of data, SD = standard deviation, COV = coefficient of variation

combinations of N, and (.. To obtain the most acceptable values of N, and {; from the many
possible combinations generated by Fortran, the MATLAB program is used. MATLAB is adopted
because of its simplicity in designing the programming syntax. Previous studies (Hansen 1970,
Vesic 1975, Kulhawy 1991) verified that N, and {,, have consistent relationship with ¢, in which
N, increases and {,, decreases as ¢ increases. The physical meaning of this principle is maintained
and adopted as the basis for selecting N, and {,. combinations.

All of the combinations of N, and ;. are run in MATLAB program to select the combinations
that maintain the relation of ¢ with N, and . Subsequently, the MATLAB selected values of N,
and {,, are plotted against ¢. The regression curve and statistics of the data points are obtained and
evaluated. The most acceptable set of data combination is defined by the highest sum of the
coefficient of determination (+*) of these two factors.

5. Analysis results

The comparison of analysis results are presented in Tables 4 to 6 for L;, L,, and Chin methods,
respectively. The regression analyses [standard deviation (SD) and coefficient of determination
()] for N, and {,, and for the improved relationship (y) of predicted and measured tip capacities
for the different shaft depths are likewise noted in Tables 4 to 6. Although the differences are
small for all interpretation criteria, the sum of 7 values of N, and . is a maximum at a shaft depth

Table 4 Comparison of analysis results for different effective depths using L; method

Effective 10B 15B 20B 30B
depth > 7 > >
Factor SD 7 SD 4 SD 4 SD I
N, 0.33 0.84 0.32 0.84 0.33 0.79 0.27 0.66
L 0.29 0.82 0.28 0.83 0.28 0.76 0.29 0.68

SD(kN) »# x SD(kN) # x SDkN) # x SDkN) # y

Q=X Qw511 082 098 210 083 099 238 081 101 303 071 1.00

*Note: SD: standard deviation ; 7*: coefficient of determination
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Table 5 Comparison of analysis results for different effective depths using L, method

Effective 10B 15B 20B 30B
depth > 7 > >
Factor SD 7 SD 4 SD 4 SD I
N, 0.36 0.88 0.35 0.88 0.42 0.84 0.40 0.82
L 0.31 0.77 0.31 0.78 0.39 0.72 0.33 0.73

SD(kN) # y SD(kN) +# x SD(kN) »# x SDkN) »~# g

Q=20 15 087 099 610 087 1.00 644 086 098 723 082 1.03

*Note: SD: standard deviation ; 7*: coefficient of determination

Table 6 Comparison of analysis results for different effective depths using Chin method

Effective 10B 15B 20B 30B
depth 2 2 2 2
Factor SD 7 SD 4 SD 4 SD I
N, 0.36 0.83 0.34 0.83 0.32 0.82 0.31 0.61
L 0.31 0.76 0.31 0.77 0.31 0.73 0.30 0.71

SD(N) # y SD(kN) # x SDkN) # y SDkN) ~#

Q=20 150s 088 098 2280 088 099 2504 086 099 3484 072 1.05

*Note: SD SD: standard deviation ; 7*: coefficient of determination
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Fig. 3 Relation of N, and ¢, factors with ¢ for drilled shafts in cohesionless soils

of 15B, indicating as the most acceptable combination. The mean of the measured values is also
very close to the predicted values (i.e., y = 1) at a depth of 15B. Therefore, the effective depth for
drilled shaft in cohesionless soils can be best limited to 15B for the tip capacity analysis.
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The regression curves for the 100 data points under effective depth of 15B are illustrated in Fig.
3. For clarity of the curves, the data points are omitted in the figure. The correlations between N,
and @, as well as that of {, and ¢, for the different interpretation criteria are compared. The N,
and ¢ variations from the largest interpretation criterion (Chin method), to the L, method, and to
the smallest criterion (L) is consistent with the theoretical results. The ¢, and ¢ variations relative
to the interpretation criteria is very small and shows a consistent trend. Hence, the results from
Chin, L,, and L; methods for the correlation between (, and qf are merged for convenient
engineering design application and set as the basis to establish a new correlation as shown in Fig. 4.
The data set provides a simplified equation for the evaluation of {,,.. Based on the combined (,,

and ¢ correlation, new regression curves for N, and ¢ are obtained and shown in Fig. 4.
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Given that the factors N,, {4, (44, and (- in the first term of the bearing capacity equation are all
related to the soil effective friction angle, the relation of the combination of these factors and
friction angle is noteworthy. The correlation between N, (comprising the factors N,, (s, {a and
¢,») and ¢ under the different interpretation criteria is demonstrated in Fig. 5. The analysis results
are also listed in Fig. 5. The equations for these correlations are established for tip bearing capacity
evaluation. The statistics are evidently consistent, indicating reasonable results. Hence, these
relationships can be applied for drilled shaft analysis and design.

The predicted (Q;;,) and measured tip capacities (Oy.) after enhancements are noted in Fig. 6 to
assess the effect of the improvements. On the average, the predicted tip capacities using the
improved analysis model are fairly consistent with the measured capacities. Comparison of Figs. 1
and 6 clearly indicates that the predicted results are greatly enhanced. The statistical results in Fig.
6 also indicate an improved r*. Therefore, the improved equations derived from the present study
can reasonably estimate the drilled shaft tip bearing capacity in cohesionless soils. The second
term of the bearing capacity equation (0.3y BN,{;,) has considerable impact when L; method is
used, and thus, should not be neglected in the analysis. Evaluation of the L, and Chin methods
indicates that the effect of this term is negligibly small. Although the results are conservative to a
certain extent, the simplified equation can provide quick estimates.

6. Design recommendations

Based on the evaluation of tip bearing capacity of drilled shafts in cohesionless soils, the
following conditions are recommended for practical use in engineering analysis and design:

» The effective overburden pressure can be limited to a shaft depth of 15B.

* Asingle equation for the improved modifier {;, can be adopted for the interpretation criteria as

£y = 88.04 x ¢ 014 49) 3)
* The factor N, for the interpretation criteria can be calculated as follows
L method: N, = 000198 x e ©1¥ *#) (4)
Lymethod: N, = 000149 x e % >¢) (5)
Chin method : N, = 0.0242 x e ™% * ) (6)

* From the combination of the improved factors, the simplified tip bearing capacity equations
are as follows

Lymethod : g, =gx 0323 x e “™™9 L03;BN ¢ (7
L, method: g, =g x 0.243 x e “¥™9 1 03BN ¢, (8)
Chin method: ¢, =g x 3.949 x e “®™ 1 037BN ¢ 9)

* The term 0.3y BN,¢,, is suggested to be retained when the L, method is applied because of its
considerable impact. For L, and Chin methods, however, the term is negligibly small and
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may be disregarded. The result is somehow conservative but can facilitate faster
calculations.

7. Conclusions

The present study employed 100 axial compression field load tests to improve an analysis
model for tip bearing capacity. Previous studies have shown that the model greatly overestimated
the drilled shaft tip capacity in cohesionless soils. The factors in the analysis model that revealed
greater variations were carefully evaluated from the back analysis of field load tests to deduce the
best results. Thus, new correlations of the factors and simplified equations that reasonably
predicted the tip capacity were derived. Specific design recommendations based on the analyses
results were suggested for an improved model for the calculation of the tip bearing capacity of
drilled shafts in cohesionless soils.
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