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Comparative field tests on uplift behavior of straight-sided
and belled shafts in loess under an arid environment
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Abstract. This study elucidates the uplift behaviors of the straight-sided and belled shafts. The field uplift load tests
were carried out on 18 straight-sided and 15 belled shafts at the three collapsible loess sites under an arid environment
on the Loess Plateau in Northwest China. Both the site conditions and the load tests were documented
comprehensively. In general, the uplift load-displacement curves of the straight-sided and belled shafts
approximately exhibited an initial linear, a curvilinear transition, and a final linear region, but did not provide a well
defined peak or asymptotic value of the load, and therefore their uplift resistances should be interpreted from the load
test results using an appropriate criterion. Nine representative uplift resistance interpretation criteria were used to
define the “interpreted failure load” for each of the load tests, and all of these interpreted uplift resistances were
normalized by the failure threshold, 775, obtained using the L;-L, method. These load test data were compared
statistically and graphically. For the straight-sided and belled shafts, the normalized uplift load—displacement curves
were respectively established by the plots that related the mean interpreted uplift resistance ratio against the mean
displacement at the corresponding interpreted criteria, and the comparisons of the normalized load—displacement
curves were made. Specific recommendations for the designs of uplift belled and straight-sided shafts in the loess
were given, in terms of both capacity and displacement.

Keywords: loess; pullout testing; straight-sided shafts; belled shafts; transmission tower; load test;
ultimate load

1. Introduction

Loess is a wind-deposited soil found in many parts of the world; however, China possesses
some of the largest deposits on Earth. The aeolian silt accumulation comprising the Loess Plateau
of Northwest China approaches a thicknesses of more than 250 m in the Lanzhou region
(Derbyshire et al. 1995, Yuan and Wang 2009). The construction of electrical transmission systems
connecting West and East China has been planned in recent years. Thus, the construction of
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foundations in the loess for transmission towers is unavoidable (Qian et al. 2014a). Uplift loading
often controls the design of the transmission line foundations (Kulhawy et al. 1983). Straight-sided
and belled shafts have been recently utilized in the loess to satisfy the axial uplift resistance
requirements for the transmission towers. In general, in the design of foundations under an axial
uplift loading, the overall uplift load—displacement behavior plays an important role, first in
estimating the displacement at a given load, and second in interpreting the failure load or uplift
resistance. Therefore, it is essential to characterize the uplift load—displacement behavior and the
axial uplift resistance evaluation for both straight-sided and belled shafts in the loess. However, the
uplift behaviors for straight-sided and belled shafts in the loess are not well understood, and
systematic full-scale pullout tests have not been conducted.

The load—displacement response of an uplift-loaded foundation will depend on the soil property,
foundation type, and construction method. By applying representative uplift interpretation criteria,
researchers have performed extensive evaluations on the uplift load—displacement responses for
drilled shafts in non-gravelly soils (Chen et al. 2008), gravelly soils (Chen 2004, Chen and Chu
2012), and Gobi gravel soils (Qian et al. 2014b). However, loess is a clastic soil mainly composed
of silt-sized quartz particles and loosely arranged grains of sandy, silty, and clayey soils (Gao
1988). Most of the grains are coated with either a thin film of clay or a mixture of calcite and clay.
Cohesion occurs when the clay or calcite bonds between particles, which would be significantly
weakened under saturated conditions. These soil properties may give rise to a different uplift
performance for foundations to be installed in the loess. Therefore, it is of particular interest to
examine the criteria and the procedures for assessing uplift load test results of the straight-sided
and belled shafts in the loess.

In this study, the comparative field uplift tests on 18 straight-sided and 15 belled shafts were
carried out at the three collapsible loess sites in Gansu Province, a typical region of the Loess
Plateau in Northwest China. The site geotechnical conditions and the load tests were documented
comprehensively. The load test data were interpreted using nine representative uplift resistance
interpretation criteria to define various “interpreted failure load” for each of the load tests. These
results were compared statistically and graphically, and the recommendations were suggested for
the designs of uplift belled and straight-sided shafts in the loess in terms of both capacity and
displacement.

2. Test sites and loess properties
2.1 Site description and samples preparation

The comparative field tests on the straight-sided and belled shafts were carried out at the three
sites of Gangu County (GC), Dingxi City (DC), and Yuzhong County (YC), along the 750-kV
Lanzhou-Tianshui-Baoji transmission line near Lanzhou, the capital city of Gansu province. These
three sites are located in the western Chinese Loess Plateau, which is well-known for thick loess
terrain in terms of geology. The loess thickness around Lanzhou generally exceeds 30 to 50 m
with the maximum record of up to 335 m (Derbyshire et al. 1995, Wen and Yan 2014), and the
soil can be called as Qs loess (late Quaternary loess), also known as “Malan Loess” in China
(Liang et al. 2014, Xu et al. 2014).

To determine the soil properties, a series of laboratory and in-situ tests were performed,
including specific gravity, moisture content, unit weight, Atterberg limits, grain size distribution,
microstructure, granular components, shear strength, and collapse index. The undisturbed samples
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of the loess for laboratory tests of each site were obtained by means of block sampling (300 mm x
300 mm x 150 mm blocks), and they were carefully trimmed and waxed from the bottom of a
newly excavated 1.2-m-diameter pit at intervals of approximately 1.0 m in the soil profile from 0.4
mto 8.7 m.

2.2 Typical physical index values

Fig. 1 shows the laboratory-measured specific gravity, moisture content, and unit weight for the
soil profile at the three test sites. The specific gravities as shown in Fig. 1(a) were found to range
from 2.60 to 2.89; the average was 2.79, 2.72, and 2.70 for GC, DC, and YC, respectively, which
is similar to the mean specific gravity values for loess in many other parts of the world. For
example, specific gravity values for the loess in Algeria are between 2.68 and 2.73 (Nouaouria et
al. 2008), whereas those for the loess in Libya range from 2.66 to 2.73 (Assallay et al. 1996). As
may be seen from Fig. 1(b), the moisture contents were found to increase with depth and to range
from 3.7% to 12.7%.

The plasticity characteristics of the loess were determined by the Atterberg limits tests,
including liquid limit, plastic limit, and plastic index, as summarized in Table 1. The particle size
distribution curves of the loess at the three test sites were obtained by sieve and hydrometer
analysis tests according to ASTM D422 (ASTM 2007), as shown in Fig. 2.

Based on the Casagrande Plasticity Chart and the provided Atterberg limits in Table 1, the loess
can be categorized as CL-ML according to Unified Soil Classification System ASTM D2487-11
(ASTM 2011a). In general, the typical physical index values of loess at the three sites are similar
to those reported by Hwang et al. (2000) and Ryashchenko et al. (2008).
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Fig. 1 Laboratory-measured results for the soil profile

Table 1 Atterberg limits test results

Atterberg limits GC DC YC
Liquid limit, LL (%) 28.9 32.6 39.8
Plastic limit, PL (%) 10.8 18.1 21.3

Plastic index, PI (%) 18.1 14.5 18.5
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Fig. 2 Cumulative particle-size plot of the loess

2.3 Shear strength

At the sites of GC and YC, the direct shear tests were conducted on the in-situ loess soil. The
distances between the predetermined shear plane and the ground surface were 0.4 m, 0.8 m, and
1.2 m for GC, and 0.9 m, 1.5 m, and 2.0 m for YC, respectively. However, at the site of DC, the
direct shear tests were conducted in laboratory on the undisturbed samples obtained by means of
block sampling in the soil profile.
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Fig. 3 Shear stress versus displacement curves for the in-situ direct shear tests at the sites of GC and YC
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Fig. 4 Laboratory shear test results at the site of DC

Standard loading and measuring procedures were conducted for all shear strength tests in
accordance with the ASTM D3080 (ASTM 2011b). Fig. 3 shows the shear stress versus shear
displacement curves for the in-situ tests at the sites of GC and YC, and Fig. 4(a) shows the typical
curves of the shear stress versus shear displacement for a group of the loess soil specimens for the
site of DC. All the curves in Figs. 3 and 4(a) show a gradual rise and drop before and after the
peak stress, followed by an almost constant residual strength. For the specimens of each group, the
peak shear stress was plotted against the normal stress, and a straight line fit was used to determine
the fitting parameters of cohesion and friction angle.

According to in-situ direct shear test results in Fig. 3, the typical ranges of the cohesion and the
friction angle were 14.8-15.6 kPa, 22.6-23.8°, and 12.4-14.2 kPa, 27.5-38.2° for the sites of GC
and YC, respectively. Figs. 4(b) and 4(c) plot the cohesion and the friction angle of loess with
depth at the site of DC. A crust layer was found at about 2 m below the ground surface. The
cohesion of the loess below the crust layer was found to fluctuate with the depth between 16.4 kPa
and 26.9 kPa with an average of approximately 21.5 kPa, and the friction angle fluctuated with
depth and ranged from 23.4° to 33.4°, with an average of approximately 27.5°.
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Fig. 5 Geometries of straight-sided and belled shafts
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3. Foundation installation

To properly utilize the high bearing capacity of loess while avoiding the soil collapse, tower
locations would be carefully selected to divert water from the foundations thus maintaining a very
dry environment in the loess surrounding the tower foundations. In this study, at the three sites of
GC, DC, and YC, a total of 18 straight-sided and 15 belled shafts were installed and tested under a
very dry environment. Fig. 5 presents the geometric symbols of the straight-sided and belled shafts,
where D is the length from the ground surface to the bottom of the foundation, b is the shaft
diameter, B is the bell diameter, ¢ is the toe height of the bell, and @ is the angle created by the
pyramidal surface against the vertical for the belled shafts.

Tables 2 and 3 summarize the dimensions for the straight-sided and belled shafts, respectively.
In this study, the toe height ¢ was equal to 0.20 m for all of the belled shafts, and the magnitude of
angle 6 for each belled shaft was equal to or less than 45° so that the unreinforced concrete bell
would be sufficiently stiff to withstand the shear stress developed by the uplift loading.

The installation of the straight-sided and belled shafts mainly consisted of manually excavating
the hole to the required dimensions and casting the reinforced concrete foundation. However, the
construction for a belled shaft was performed by two steps. The first step was to excavate the shaft

Table 2 Dimensions and interpreted uplift resistances for the straight-sided shafts

Site Shaft Shaft (m) Interpreted uplift resistance, 7* (kN)
No. D b Ty Tpp Tpa Tsr T T, Trep Tran Tvov  Tenw
SS1 5.0 1.0 401 600 551 579 889 953 943 960 1107 1114
SS2 7.5 1.0 1119 1350 1521 1563 1602 1623 1704 1660 1755 1790
SS3  10.0 1.0 1208 1920 2173 2179 2314 2406 2439 2554 2640 2677
SS4 7.5 1.0 1215 980 1430 1591 1657 1683 1727 1722 1820 1858
SS5 7.5 1.0 1003 1280 1343 1374 1410 1444 1528 1541 1600 1626

GC SS6 5.0 1.0 494 720 811 891 945 960 973 965 1020 1042

SS7  10.0 1.0 1328 1800 1815 1819 1870 2090 2004 2343 2327 2379
SS8 7.5 1.5 1406 1960 1956 2031 2193 2245 2307 2423 2520 2574
SS9 75 1.5 1659 2240 2299 2338 2499 2574 2638 2829 2880 2931
SS10 7.5 1.5 1382 1920 2062 2125 2202 2249 2347 2492 2560 2600
SS11 - 5.0 1.5 842 840 1021 1039 1097 1126 1195 1260 1400 1414
SS12 100 1.5 1779 2520 2930 2988 3235 3369 3400 3732 3780 3821
SS13 35 1.0 297 300 316 332 341 351 377 353 400 415
DC SS14 5.0 1.0 500 500 526 539 544 551 578 552 600 613
SS15 7.5 1.0 770 900 940 933 978 1001 1058 1034 1100 1130
SS16 5.0 1.0 346 400 415 417 438 451 463 428 500 503
YC SS17 75 1.0 725 770 786 788 826 840 855 825 875 909
SS18 100 1.0 903 945 970 978 1026 1052 1068 1057 1155 1176

* Interpreted uplift resistance for the various methods: Tp, Debeer method; Tpa, Davisson method;
Tst, Slope tangent method; 77y, Tangent intersection method; 71, L; method; 77 ,, L, method;
Trsp, Terzaghi and Peck method; Tggy, Fuller and Hoy method; Typy, Van der Veen method,;
Tcan, Chin method
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Table 3 Dimensions and interpreted uplift resistances for the belled shafts

Shaft Shaft and bell geometry Interpreted uplift resistance, 7* (kN)
No. D(m) b(m) B(m) 0(°) Tui Tos Toa Tst Tm  Tio Trar Tren Tvov Tcu
BS1 1.8 0.9 1.2 15 102 275 274 269 273 278 284 251 300 303
BS2 2.9 1.2 1.9 30 467 540 937 943 1075 1088 1099 1082 1170 1191
BS3 4.1 1.5 2.7 45 1256 1250 1875 2037 2448 2530 2540 2636 2750 2826
BS4 3.0 1.2 1.5 15 332 425 522 581 769 853 798 802 941 943
BS5 44 1.5 2.2 30 1166 1380 1580 1638 2068 2332 2321 2744 2784 2835
GC BS6 4.2 0.9 2.1 45 987 1140 1238 1319 1499 1700 1587 1810 2093 2167
BS7 45 1.5 1.8 15 816 1400 1361 1403 1526 1616 1624 1688 2026 2166
BS8 4.0 0.9 1.6 30 626 900 922 943 1108 1205 1193 1218 1352 1364
BS9 6.0 1.2 2.4 45 1304 2160 2263 2422 2864 3524 3067 3752 3725 3815
BS10 7.5 1.0 2.0 40 1086 1750 1733 1814 2355 2450 2550 3389 3516 3521
BS11 7.5 1.5 3.0 45 1330 3000 2114 2640 3090 3631 3815 5400 5575 5874
BS12 3.5 1.0 2.0 40 365 700 532 592 755 803 811 812 901 935
DC BS13 5.0 1.0 2.0 40 809 1000 1065 1144 1366 1510 1436 1531 1612 1639
BS14 7.5 1.0 2.0 40 1077 1600 1621 1643 1925 2227 2340 2316 2413 2593
YC BS15 7.5 1.0 2.0 40 616 1120 1033 1071 1199 1250 1278 1286 1400 1412

* Interpreted uplift resistance for the various methods: Tp, Debeer method; Tpa, Davisson method;
Tst, Slope tangent method; 77y, Tangent intersection method; 77, L; method; 775, L, method;
Trsp, Terzaghi and Peck method; Tggy, Fuller and Hoy method; Typy, Van der Veen method,;
Tcmn, Chin method.

Site

to the required depth and diameter, which was identical to the construction of the straight-sided
shafts. Then, the second step was conducted to enlarge the circular base to the required dimensions.
During the excavating, the diameter and the verticality of each shaft were measured at an interval
of approximately 1 m until the required depth was achieved. All of the dimensional values in
Tables 2 and 3 are the means of the measured data, and all foundation shafts had truly vertical
faces.

4. Loading procedure and test method

Each of the load tests was conducted after the concrete had cured for approximately 28 days.
All of the tests were conducted with static monotonic loading and without cycling. The same
loading, reaction, instrumentation, and data acquisition systems were used for all tests.

The test set-up was designed according to the criteria recommended in CEI/IEC 1773 (CEI/IEC
1996), as shown in Fig. 6. As may be seen from Fig. 6, the tested shaft was axially loaded, and the
reaction beams were placed perpendicular to the concrete supporting blocks. The clear distance
between the reaction concrete blocks was 10 m and would be relatively far away to avoid affecting
the test results. During each of the tests, four electronic displacement sensors were placed at the
four points on the shaft head with a-90°-separation. All of the sensors were attached to the
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Fig. 6 Test set-up for uplift loading

reference beams installed over the top plane of the shaft. The reference beams were sufficiently
stiff to support the instrumentation and prevent excessive variations in the readings.

The slowly maintained load method was adopted for all tests, i.e., the uplift loading was
applied in a load increment of 10% of the predicted axial uplift resistance of each individual
foundation, and the foundation was allowed to move under each maintained-load increment until a
certain rate of displacement was achieved. Each load increment was maintained after loading until
two consecutive displacements within each hour were less than 0.1 mm. The next load increment
was then added. The pullout test was continued to the point of failure. The foundation was then
unloaded by removing the test load. This is the typical test procedure recommended in Chinese
National Standard GB50007-2011 (CNS 2011) and Chinese Local Standard JGJ 94-2008 (CLS
2008).

5. Load test results and analysis
5.1 Interpretation of load tests

In this study, the uplift load test results of the straight-sided and belled shafts were discussed in
terms of load—displacement curves. Appendix A illustrates the plots that relate the applied uplift
load to the average shaft head displacement for each of the straight-sided and belled shafts.

As may be seen from Appendix A, the uplift load versus shaft head displacement curves for the
straight-sided and belled shafts approximately exhibited an initial linear, a curvilinear transition,
and a final linear region. In general, the load—displacement curves obtained from the uplift loads
test did not provide a well-defined peak or asymptotic value of the load; therefore, estimating the
uplift failure load needed to be interpreted as done in the previous studies (Akbas and Kulhawy
2009, Briaud 2007, Chen 2004, Chen and Chu 2012, Chen and Fang 2009, Chen and Lee 2010,
Chen et al. 2008, 2011, Marcos et al. 2013, Qian et al. 2014b). The nine interpretation criteria
shown in Table 4 were used to interpret the failure load or resistance from the uplift load versus
shaft head displacement curve of each load test. These criteria employ varied interpretation bases
as noted in Table 4, and they represent a wide distribution of interpreted results from the lower,
middle, and higher bounds as found in practices.
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Table 4 Definitions of representative uplift interpretation criteria

Method Category Definition of interpreted uplift resistance
Van der Veen Mathematical ~ Typy is Py that gives a straight line
(1953) model when log (1-P/Pyy,) is plotted versus total displacement

Tcum 1s equal to the inverse slope, 1/m, of the line,
Mathematical s/7=ms + ¢, where T is the uplift load,

Chin (1970) model s is the total displacement, and
m, c is the slope and intercept of the line, respectively.
Terzaghi and Settlement Trgp is the load that occurs at 1.0 in. (25.4 mm) total
Peck (1967) limitation displacement.
Fuller and Hoy Settlement Treq 1S the minimum load that occurs at a rate of total
(1970) limitation displacement of 0.05 in. per ton (0.14 mm/kN).
DeBeer (1970) Sgtt@empnt T bB is the load at the change in slope on a log—log total
limitation displacement curve.
Settlement Tpa occurs at a displacement equal to the shaft elastic uplift
Davisson (1972) limitation line, PD/EA, offset by 0.15 in. (3.8 mm), where
P = uplift load, D = depth, 4 = area, and £ = Young’s modulus.
Slope tangent (O’Rourke  Graphical Tst occurs at a displacement equal to the initial slope of

and Kulhawy 1985)  construction  the load—displacement curve plus 0.15 in. (3.8 mm).

Tt 1s determined as the intersection of two lines drawn as
Graphical tangents to the initial linear and final linear portions of the
construction  load—displacement curve and projected to the load —
displacement curve.

Tangent intersection
(Housel 1966,
Tomlinson 1977)

L,-L,
(Hirany and Kulhawy
1988, 1989, 2002)

Graphical Ti1 and T, correspond to elastic limit and
construction  failure threshold loads, respectively, as shown in Fig. 7.

The definitions of interpreted failure load or resistance by Van der Veen (1953) and Chin (1970)
are based on mathematical models that correspond to the asymptote of the load—displacement
curve. The interpreted capacities by Terzaghi and Peck (1967) and Fuller and Hoy (1970) are
defined as the load at an absolute displacement and a rate of displacement, respectively, while
DeBeer (1970), which is also based on a displacement limit, determines the uplift resistance at the
load occurring in the change of slope from the log-log plot of the total load—displacement curve.
The Davisson method (1972) is a graphical construction and defines the uplift resistance at the
intersection of the load—displacement curve and the shaft elastic uplift line offset by 3.8 mm. The
slope tangent method (O’Rourke and Kulhawy 1985) is a modification of the Davisson method
(Davisson 1972) and uses the initial slope instead of the elastic line. The failure load is determined
from the intersection of a line drawn parallel to the initial linear portion of the load—displacement
curve at a distance equivalent to a displacement of 3.8 mm. The tangent intersection method
(Housel 1966, Tomlinson 1977) has also been used to interpret the failure load, which is
determined as the intersection of two lines drawn as tangents to the initial linear and final linear
portions of the load—displacement curve. The L;—L, method (Hirany and Kulhawy 1988, 1989,
2002) is based on the fact that a load—displacement curve can generally be simplified into three
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distinct sectors: initial linear, non-linear curve transition, and final linear, as illustrated in Fig. 7.
Point L, (elastic limit) corresponds to the load (71,) and displacement (s1;) at the end of the initial
linear region, whereas L, (failure threshold) corresponds to the load (71,) and displacement (si,) at
the beginning of the final linear region.

Tables 2 and 3 show the interpreted uplift resistances for the straight-sided and belled shafts,
respectively. Appendix B presents the displacements at the interpreted criteria. Comparisons of the
uplift resistances in Tables 2 and 3 for the straight-sided and belled shafts indicated that the belled
shafts generally had higher uplift resistances than the straight-sided shafts with the same
dimensions of D and b. This difference should be attributed to with bell and without bell. The
belled shafts can effectively mobilize the shear resistance of the soil above the enlarged base and
are thus superior to the straight-sided shafts.

5.2 Comparison of straight-sided and belled shafts in loess

In this study, the failure threshold, 77,, of the L;-L, method was adopted as a base for
comparing the interpretation criteria, and all of the interpreted uplift resistances were normalized
by T1, for two reasons. First, the L;-L, method could interpret all the load test cases, and second,
T1, can be generally defined as the “interpreted failure load” or “interpreted resistance” because,
beyond 771,, a small increase in load gives a significant increase in displacement. Therefore, the
results below were compared to evaluate the interrelationships and characteristics of the methods.
T11 was included for reference only. It is neither an interpreted failure load nor a capacity but
rather an elastic limit.

The statistics for the interpreted uplift resistances of the straight-sided and belled shafts are
summarized in Tables 5, including the minimum, maximum, mean, standard deviation (SD), and
coefficient of variation (COV) of the interpreted results. Table 6 presents the summary
comparisons of the interpreted displacements at the interpreted criteria for the straight-sided and
belled shafts, including the mean, SD, and COV values of the interpreted results.

The results in Tables 5 show mean interpreted load ratios ranging from 0.82 to 1.13 for straight-
sided shafts and 0.71 to 1.20 for belled shafts when compared to 77,, with COV value of 0.02 to
0.12 (straight-sided) and 0.05 to 0.22 (belled). The general trends of mean ratios for the straight-
sided and belled shafts in the loess are similar, and the COV values are comparable.
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Table 5 Summary of the interpreted uplift resistance ratios

Foundation Statistics Interpreted uplift resistance ratio, 7/71,
type Ty, Tpe Tpa Tst I Trep Trgu  Tvov  Tenw
Minimum  0.42 0.58 0.58 0.61 0.89 0.96 0.95 1.04 1.08
Maximum 0091 0.92 0.95 0.98 0.99 1.07 1.12 1.24 1.26
Mean 0.69 0.82 0.89 0.91 0.97 1.03 1.04 1.11 1.13
SD 0.14 0.10 0.08 0.08 0.02 0.03 0.05 0.04 0.04
Cov 0.20 0.12 0.09 0.09 0.02 0.03 0.05 0.04 0.04
Minimum  0.37 0.49 0.58 0.68 0.81 0.87 0.90 1.05 1.08
Maximum  0.58 0.99 0.99 0.97 0.99 1.05 1.49 1.54 1.61
Belled shafts Mean 0.46 0.71 0.74 0.78 0.92 0.99 1.08 1.17 1.20
SD 0.07 0.16 0.11 0.08 0.05 0.05 0.16 0.14 0.15

Cov 0.14 0.22 0.14 0.10 0.06 0.05 0.15 0.12 0.13

Straight-sided
shafts

Table 6 Summary comparisons of the interpreted displacements

Foundation L Displacement at the interpreted criteria, s* (mm)
Statistics
type SL1 SDB SDA SST STI S12 SF&H SVDV  SCHIN
Mean 1.12 2.42 434 5.66 10.10 13.69 3233 >61.65 >62.83

Straight-sided

SD 0.58 1.15 0.38 0.79 3.75 7.14 2152 1489 14.71
shafts

Ccov 0.52 0.48 0.09 0.14 0.37 0.52 0.67 0.24 0.23

Mean 1.11 4.33 4.33 551 1429 2575 4637 >76.13 >76.25
Belled shafts SD 0.48 2.62 0.35 0.78 397 1159 27.02 1246 12.63

Ccov 0.43 0.60 0.08 0.14 0.28 0.45 0.58 0.16 0.17

? by definition, stgp = 25.4 mm, and there is no statistics

However, for all of the criteria, there were somewhat smaller mean ratio values for the straight-
sided shafts. Among these methods, Tpp is the lowest mean interpreted ratio and presents a higher
COV among all interpretation criteria. The 71, has the smallest mean ratio and displacement (Table
6), which implies that the initial linear region occurs within a very small displacement. The
statistics of the mean ratios show that smaller interpreted uplift resistances and displacements
correspond to higher COVs. This phenomenon has also been observed by Chen and Chu (2012)
and by Marcos et al. (2013), which may result from fluctuation during the initial loading or
possible measurement sensitivity.

The mean uplift displacements for the straight-sided and belled shafts shown in Table 6 follow
the same order trend as the uplift resistances. For the straight-sided shafts, the displacements at the
interpreted failure load ranged from 2.42 mm at 7pg to 4.34 mm at Tps to 13.69 mm at 77, to
greater than (>) 62.83 mm at Ty, while the belled shafts ranged from 4.33 mm at 7pg and Tpa to
25.75 mm at Ty, to greater than (>) 76.25 mm at Tcywn. The COV values for these displacement
data were high with a range of 0.09 to 0.67 (straight-sided) and 0.08 to 0.60 (belled).

To examine more general foundation behaviors, the normalized uplift load—displacement curves
for the straight-sided and belled shafts are presented in Fig. 8 as plots that relate the mean ratio of
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Fig. 8 Mean load—displacement comparison of straight-sided and belled shafts in the loess

each interpreted resistance to 71, against the mean shaft-head-displacement at the corresponding
interpreted load. Comparisons of the straight-sided and belled shafts in Fig. 8 show some
interesting features.

First, overall similar general trends are observed by the interpreted results of all criteria for the
straight-sided and belled shafts in the loess. The Debeer, Davisson, slope tangent, and tangent
intersection methods are typically located within the L; to L, non-linear transition region of the
load—displacement curve, and the Terzaghi and Peck method is close to the failure threshold 77,,
while Fuller and Hoy and Van der Veen are beyond the failure threshold 77, but are generally
lower than Tcy. Therefore, defining the failure load as Tcyy results in values that are overly high,
likely because Tcyn is based on a mathematical model that corresponds to the asymptote of the
load—displacement curve. This conclusion is consistent with the results that have been observed in
the evaluations of both axial uplift and compression interpretation criteria (Akbas and Kulhawy
2009, Chen 2004, Chen and Chu 2012, Chen and Fang 2009, Chen et al. 2008, Marcos ef al. 2013,
Qian et al. 2014b).

Second, prior to the failure threshold point L, corresponding to the load 7i,, the mean
displacements of all interpretation criteria for belled shafts are clearly greater than those for
straight-sided shafts in general. This difference should be related to the differences in the
foundation types and the failure mechanisms. The straight-sided shafts without a bell get uplifted
both by shearing at the shaft-soil contact and through the surrounding soil, and a composite failure
surface may develop. In general, the uplift resistance of the straight-sided shafts in the loess is
mainly derived and determined by the shear strength along the soil-shaft interface, and the full
resistance would be mobilized when the shear strength along the soil-shaft interface is fully
developed. However, for the belled shafts, they can effectively mobilize the shear resistance of the
undisturbed soil above the enlarged base. The uplift resistance of the belled shafts in uplift would
be mainly determined by the shearing resistance along the soil-soil failure interface, the dead
weight of the foundation, and the weight of the soil within the truncated breakout region. The
failure zone for the belled shafts in uplift is mainly the soil-soil interface along the circumference
of the breakout region, and the tendency of the loess to dilate becomes significant when the bell is
subjected to the uplift loading. Therefore, the displacement required to completely mobilize the
uplift resistance would be greater.
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5.3 Comparison of straight-sided shafts in different soils

Fig. 9 shows the comparisons of uplift load—displacement curves of the straight-sided shafts for
different soils. The results were collected from Chen et al. (2008) for cohesive soils, Chen and Chu
(2012) for gravelly soils, and Qian et al. (2014b) for Gobi gravel soils. For ease in comparison, L,
and L, are also marked in Fig. 9.

As shown in Fig. 9, the interpreted results of all criteria for the straight-sided shafts in different
soils display similar trends. However, prior to the uplift failure threshold of 71,, the mean
displacements of all interpretation criteria for straight-sided shafts in the loess are generally lower
than those in the cohesive, gravelly, and Gobi gravel soils. Beyond the end of the transition region,
the mean displacements for straight-sided shafts in the loess are larger than those in the cohesive
soils. Chen and Chu (2012) noted that the greater mean displacements of all interpretation criteria
for drilled shafts in gravelly soils are larger than those in non-gravelly soils may be due to the
somewhat irregular shaft shape existing in the gravel excavation. The irregular shaft shape
increases the roughness of the soil-shaft interface, and the tendency of gravel to dilate becomes
significant when the shaft is subjected to uplift loading. Therefore, a greater displacement is
required to completely mobilize the uplift capacity. Qian et al. (2014b) pointed out that the
irregular shaft shape of the foundation and the salt cementation of the Gobi gravel would be the
reason that the mean displacements for straight-sided shafts in the Gobi gravel are larger than
those in the cohesive soils. Therefore, this may also be the reason that the mean displacements for
the straight-sided shafts in the loess soil are lower than those in the gravelly and Gobi gravel soils
prior to the failure threshold 77,.

The phenomenon of which the mean displacements for straight-sided shafts in the loess are
lower than those in the cohesive soils prior to the failure threshold 77, but greater than those in the
cohesive soils beyond the end of the transition region may be due to the difference in the
foundation dimension. The depth-to-diameter ratios of the drilled shafts ranged from 1.6 to 56.0 in
cohesive soils (Chen et al. 2008). However, the corresponding ratios for the straight-sided shafts
discussed in this study ranged from 3.3 to 10.0. According to the previous studies (Pacheco et al.
2008), the straight-sided shafts in this study would mainly be in a shallow failure mode, while
most of the drilled shafts discussed by Chen ef al. (2008) were primarily in a deep failure mode.
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Fig. 9 Comparison of uplift load—displacement curves of straight-sided shafts for different soils
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5.4 Comparison of belled shafts in loess and Gobi gravel soils

Based on the results of forty-one full-scale uplift load tests on belled shafts at seven Gobi
gravel sites in Northwest China, Qian ef al. (2015) evaluated the uplift performance of belled
shafts in Gobi gravel by four representative interpretation criteria (Chin, Slope tangent, Tangent
intersection, and L,—L,), and the results were interrelated to establish a generalized correlation
among these interpreted uplift resistances using a mean normalized uplift load-displacement curve.

Fig. 10 shows a comparison between the normalized uplift load—displacement relationship of
belled shafts in loess and Gobi gravel soils. For ease of observation, the corresponding ratio of
four interpretation method to 77, and its displacement are also shown.

First, overall similar general trends are observed by the interpreted results of four criteria for
the belled shafts in the loess and Gobi gravel. The slope tangent method gives the lowest values,
while the Chin method yields the highest values and always lies above T1,. The slope tangent and
tangent intersection methods yield ratio values less than 1.0, and are therefore located in the
nonlinear transition between L; and L,.

Second, it is clear that, prior to the interpreted uplift resistance of Tsr, the mean load-
displacement curves for the belled shafts in the loess and Gobi gravel soils are comparable.
However, beyond the uplift resistance of Tsr, the load—displacement relationship for the belled
shafts in the Gobi gravel shows a substantially stiffer load—displacement response than that in the
loess. This indicates that the Gobi soil stiffness is much greater than that of the loess soil. This
difference should be related to the consequence of subtle differences in the soils. As described by
Qian et al. (2014b, 2015), Gobi gravel contains some soluble salts. The precipitation of the
dissolved salts may have resulted in salt cementation of the particulate soil matrix in Gobi gravel.
Therefore, under dry environment, Gobi gravel has a high uplift capacity and low compressibility.
According to the direct shear tests, the ranges of the internal friction angle of Gobi gravel were
40.6-43.6°, compared to less than 40° for the loess described in this paper. As a result, the Gobi
soil stiffness is much greater than that of the loess soil.

6. Design recommendations

Based on the data analyses of the straight-sided and belled shafts in the loess, the interpretation
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Table 7 Summary of the uplift resistance approximations using L, as a reference

Interpreted uplift resistance ratio, 7/77;

Foundation type
P Tos  Ton Tst  Tn Tio T Tren Tvov  Tomn
Straight-sided shafts 1.23 1.33 1.37 1.47 1.52 1.56 1.59 1.70 1.72
Belled shafts 1.57 1.63 1.72 2.02 2.21 2.19 2.39 2.60 2.61

criteria can be classified into four groups to determine a reasonable ultimate uplift resistance based
on their statistical results. (i) The result of Chin’s criterion is always above the measured load—
displacement curve and will not be conservative. However, Chin’s interpretation method is
straightforward and less subjective. (ii) The L,, Terzaghi and Peck, Fuller and Hoy, and Van der
Veen criteria have nearly identical mean interpreted results. These four criteria present the same
reliability. (iii) The DeBeer, Davisson, slope tangent, and tangent intersection methods yield
interpreted 7/71, ratios less than 1.0; therefore, these four criteria are located in the nonlinear
transition between L, and L,. (iv) The L, criterion occurs at very small displacements (< 5 mm).

For the above analyses, the L;-L, method is generally preferred for interpreting the uplift
resistance because it is based on the failure threshold load and considers the shape of the load-
displacement curve and the ratio of the change in load to the change in displacement. Therefore,
the L; method would be suitable for the design of serviceability limit state (SLS) conditions
(dealing with foundation displacement) because the initial part of a load-displacement curve will
have an important design significance in practice. As illustrated in Fig. 7, point L, in the L,-L,
method is also a convenient reference point because it corresponds to the elastic limit load at the
end of the initial linear region within the curve. As a result, it would be useful in demonstrating the
general relationships among the interpretation criteria and providing uplift resistance
approximations. Using L, as a reference, the uplift resistance approximations for uplift resistances
of the straight-sided and belled shafts were listed in Table 7. First, these uplift resistance
approximations could be used with caution to interrelate the interpretation criteria when necessary
to address insufficient load—displacement data. Second, the practical implication of these uplift
resistance approximation values is that, on average, a safety factor between 2 and 3 should be
implemented to ensure that the foundation resistance of a straight-sided or belled shaft may be
within the elastic limit in most designs.

However, the other criteria could also be applied for the design of ultimate limit state (ULS)
conditions (dealing with foundation resistance) based on the requirements of structure type. The
Debeer, Davisson, Slope tangent, Tangent intersection, and L, methods give mean interpreted
“failure” displacements from 2 mm to 25 mm. At the elastic limit L,, the mean interpreted
displacement is 1.12 mm for straight-sided shafts and 1.11 mm for belled shafts, respectively. For
most designs, a settlement of 25 mm could be allowable for most routine building structures
(Dithinde et al. 2011). Therefore, using the Debeer, Davisson, Slope tangent, Tangent intersection,
and L, methods as the definition for interpreted failure load, with a minimum safety factor of 2, the
mean displacement would be close to the amount of L; and will be close to the elastic behavior.

It should be noted that the results and design recommendations shown in this study are general
behaviors applicable for the straight-sided and belled shafts in the loess only, and any extrapolation
of these results to other different soils and foundations is not recommended.
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7. Conclusions

The following conclusions can be derived based on the comparative field uplift tests on 18
straight-sided and 15 belled shafts at the three collapsible loess sites under an arid environment:

(1) Relatively different shapes of the load—displacement curves occurred for the straight-sided
and belled shafts, but these load—displacement curves approximately exhibited an initial
linear, a curvilinear transition, and a final linear region, and the uplift resistance should be
defined by an “interpreted failure load” using an appropriate criterion, as done in other
studies. In general, at the same loess site, the belled shafts had higher uplift resistances
than the straight-sided shafts with the same shaft diameter and length.

(2) The interpreted uplift failure load results for the nine interpretation criteria (Van der Veen,
Chin, Terzaghi and Peck, Fuller and Hoy, DeBeer, Davisson, Slope tangent, Tangent
intersection, and L;—L,) generally presented the same trend for the straight-sided and
belled shafts in the loess. Of these, the Debeer method gave the lower bound, while the
Chin method was the upper bound. The Debeer, Davisson, slope tangent, and tangent
intersection methods were typically located within curvilinear transition region of the
load—displacement curve, while Terzaghi and Peck, Fuller and Hoy, and van der Veen are
close to and beyond the failure threshold 77, but are generally lower than Tcy.

(3) Comparisons of the normalized load—displacement curves for the straight-sided and belled
shafts in the loess indicated that, prior to the failure threshold point L, corresponding to
the load T7i,, the mean displacements of all interpretation criteria for belled shafts are
generally greater than those for straight-sided shafts. This difference should be related to
the differences in the foundation types and the failure mechanisms. The displacement
required to completely mobilize the uplift resistance for the belled shafts would be larger.

(4) A safety factor between 2 and 3 should be implemented to ensure that the uplift resistance
of a straight-sided or belled shaft will be within the elastic limit. When using the Debeer,
Davisson, Slope tangent, Tangent intersection, and L, methods as the definition for
interpreted failure load, with a minimum safety factor of 2, the mean displacement would
be close to the amount of L; and close to elastic behavior in most designs.
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Fig. A Measured uplift load—displacement curves in field tests
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Appendix B
Table B Summary of the interpreted displacements
Foundation  Shaft Displacement at the interpreted criteria®® (mm)
type No. SLI SDB SDA SST STI S12 SF&H SvDV SCHIN

SS1 0.25 4.84 3.78 431 204 2628 30.65 >8547° >85.47°
SS2 1.41 2.17 4.72 6.21 752 874 17.88  60.64 >60.64°
SS3 0.71 2.18 5.16 5.56 13.13 1826 4651 62.09 >62.09°
SS4 2.59 2.21 4.17 7.54 9.82 11.22 2492 60.15 >60.15°
SS5 0.75 2.14 4.04 5.05 6.16 741 2744 3926 >39.26°
SS6 1.35 3.1 443 6.75 1148 1341 1633 69.08 > 69.08°
SS7 0.65 4.48 4.81 5.59 11.54 3341 71.14 7645 76.57
SS8 1.59 4.32 4.32 6.27 10.88 1294 4733 6698 > 66.98°
Straight-sided SS9 0.86 3.12 4.11 5.57 10.77 13.5 55.4 6341 >6341°
shafts SS10  0.96 2.35 4.61 5.53 6.78 787 49.11 61.86 >61.86°
SS11 0.71 0.78 4.86 5.17 6.41 748 42.64 7857 >78.57°
SS12 0.95 2.31 4.56 6.21 15.55 2129 77.67 8554 >85.54°
SS13  2.06 2.15 3.95 6.29 739  9.07 11.12 4174 >41.74°
SS14 1.4l 1.51 3.86 5.33 5.63 7.01 11.23 4211 >42.11°
SS15  1.22 1.66 4.15 5.27 648 814 16.81 37.58 >37.58°
SS16  0.52 1.03 4.29 4.84 9.66 12.86 8.74 62.77 >62.77°
SS17  0.68 1.29 4.12 4.66 11.24 1392 10.82  49.55 70.71
SS18  1.42 1.89 4.19 5.69 10.89 13.62 16.15 66.36 > 66.36°
BS1 0.30 4.08 4.03 3.85 428 9.17  3.09 68.72 > 68.72°
BS2 1.80 2.08 5.28 5.36 790 998  8.68 74.06 > 74.06°
BS3 1.40 1.44 4.25 591 1470 19.20 4591 >73.78° >173.78
BS4 1.37 2.44 3.98 5.72 19.40 35.80 2572 >70.24° >7024
BS5 0.51 2.81 4.19 4.83 1420 2540 73.78 >7642° >72.65
BS6 1.41 2.59 4.33 5.81 17.80 3420 54.57 >955° >96.57
BS7 1.07 4.69 4.15 5.19 14.00 21.40 38.84 >95.92° >9529
BS8 1.01 3.11 4.12 4.57 1580 2642 3243 >70.01° >70.00
BS9 0091 3.34 4.19 5.50 1490 50.15 8343 82.84 >88.01°
BS10 1.13 4.89 4.85 5.54 1526 17.77 94.61 >96.46° >96.46°
BS11 1.4l 9.71 423 7.17 11.16 19.71 75.87 >75.87° >7587°
BS12 1.4l 10.35 4.17 6.09 16.01 21.87 27.81 >62.93° >62.93°
BS13  1.82 2.97 4.36 6.12 17.87 33.19 40.03 >53.85° >53.85°
BS14  0.58 4.32 4.69 6.00 17.66 4330 60.75 >76.03° >76.03°
BS15 0.45 6.20 4.07 5.05 1342 18.76 30.05 69.26 > 69.26°
* Displacements for the various methods: spp, Debeer method; spa, Davisson method; ssr, Slope tangent
method; st;, Tangent intersection method; s 1, L; method; sy, L, method; stgp, Terzaghi and Peck method;
sren, Fuller and Hoy method; sypy, Van der Veen method; scyn, Chin method.

b by definition, stgp =25.4 mm, not included in the Table.
¢ the maximum displacement in the load test.

Belled
shafts






