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Field tests and numerical investigation of splits anchors in structured clay
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ABSTRACT: This paper presents results of field tests on two experimental splits anchors, a new-developed
type of under-reamed anchor, embedded shallowly in Osaka structured Pleistocene clay. Predictions of an asso-
ciated numerical experiment are investigated and compared with the field observations. They are described
and discussed particularities in performance of the anchors that include: relaxation, creep, suction and ultimate
pullout resistance.

1 INTRODUCTION

Splits anchor is a new-developed type of under-reamed
anchor that can be used effectively as tiebacks for
retaining walls constructed in limited construction
space. It is unique with a D-800 mm enlarged cylin-
drical body under-reamed from a φ-135 mm borehole.
The anchors can be constructed in various ground con-
ditions and can provide considerably larger pullout
resistances, compared with the normal shaft anchors.

To investigate performance of splits anchors in
clay ground, field load tests were conducted on two
vertical splits anchors, length of 3.0 m and 1.5 m, shal-
lowly embedded into the Osaka structured Pleistocene
clay, which was overlaid by a soft alluvial clay layer.
Performance test, relaxation test and creep test were
performed to verify the anchor capacity and perfor-
mance. Field test results and predictions of associated
soil-water coupled finite element analyses are exam-
ined to elucidate particularities in performance of
splits anchors constructed in structured clay.

2 BACKGROUNDS

2.1 Construction of splits anchors

Splits anchor is named after its construction method.
Figure 1 describes the construction sequences of a
splits anchor, which includes: (1) drilling a φ-135 mm
casing borehole with the bit in compact shape to the
designated depth, air flush; and under-reaming the
enlarged anchor body with the bit in splits shape
under high pressure water flushing; (2) grouting the

Figure 1. Construction sequences of splits anchors.

cylindrical cavity using cement grout injected at
pressure of 2 MPa; (3) placing the assembly tendons
and withdrawing the drilling rod. After the grout has
hardened and gained sufficient strength, the tendons
are pre-stressed and locked.

Splits anchors can be constructed in clays with
SPT = 2∼20 and in sands with SPT = 5∼30. The
anchors can be vertical or inclined at angles of up to
20◦ in both vertical and horizontal plane.

2.2 The Osaka Pleistocene clay

The Osaka Pleistocene clay (Ma12) is characterized
as structured, slightly overconsolidated marine clay
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(OCR = 1.2∼1.4) with shear strength significantly
larger than the overlying Holocene clay (Ma13)
due the larger overburden pressures and additional
strength developed by aging effects, such as secondary
compression and cementation (Watabe et al. 2002).
The clay is particular with so-called “secondary” or
“delayed” extreme large compression yield p′

y. Intact

samples of this clay usually exhibit peak strength in
unconfined compression tests or triaxial tests; and the
measured shear strength is strongly influenced by the
sampling quality.

2.3 Aspects in performance of splits
anchors in clays

2.3.1 Ultimate pullout resistance
Under-reamed anchors can provide large pullout resis-
tance upon their huge peripheral shaft surface and a
substantial contribution of end resistance that devel-
ops at the top of the anchor’s enlarged body (Hsu &
Liao 1998). Splits anchors were successfully tested for
uplift capacity at about 800 kN in soft to medium stiff
clayey ground (SPT ∼3; D = 800 mm, Lfree = 4.0 m,
Lfix = 1.5 m) and more than 1300 kN in medium dense
sandy ground (SPT ∼19; D = 800 mm, Lfree = 8.0 m,
Lfix = 1.5 m).

In practice estimation of capacity of under-reamed
anchors, the superposition discipline is usually applied
that supposes the anchor ultimate pullout resistance Qu

be the sum of ultimate end resistance Qp and ultimate
shaft resistance Qf (Das 1980):

Therefore:

where D and dare diameters of the anchor body and
the casing borehole; H is embedment of the anchor
body; L is length of the anchor body; su is undrained
shear strength of the clay; and α is an empirical shear
strength reduction factor which is the ratio of the
maximum shear strength mobilized at the clay-grout
interface over su. Values of α vary from 0.3 for very
stiff clay to 0.7 for stiff and medium clay, and can be
around 1.0 for soft clay (Kim 2003).

Hsu and Liao (1998) noted the incongruity of this
supposition in case of sand that exhibits strong soft-
ening behavior due to dilatancy. Hence, similar phe-
nomenon is anticipated in case of structured clay that
reveals apparent softening behavior due to debonding
effects.

2.3.2 Suction force
Suction force is practically disregarded in estimation
capacity of anchors embedded in clays for its imper-
manence and insignificance in long-term performance
of the anchors (Das et al. 1994). However, since the
anchors are pulled quite fast in field tests, a conse-
quential suction force probably develops. The force
unexpectedly includes in the measured anchor load and
influences the observed anchor performance. It is nec-
essary to apprehend this phenomenon in interpreting
results of field tests.

2.3.3 Relaxation and creep
Load relaxation and creep of anchors have been known
to be induced by creep of steel tendons, tendon-grout
bond and mostly by the dragging at grout-soil interface
(Briaud et al. 1998). When the anchors are embed-
ded in clays, consolidation process is another decisive
agent. Since the contributions of end resistance and
suction force are significant in case of splits anchors,
the consolidation effect is more substantial, actually
determinant.

3 FIELD LOAD TESTS

3.1 Soil data

The subsurface soil profile at the experimental site is
given in Figure 2. From the ground surface, the soil
strata consists of sand and gravel backfill (B) to depth
of 1.2 m, very soft silty clay layer (Auc) to depth of
3.1 m, loose silty sand layer (Aus) to depth of 6.4 m,
alluvial clay deposit (Amc) to depth of 8.4 m, diluvial
clay deposit (Tc12) to depth of 18 m, and very dense
diluvial sand and gravel (Tg12) deposit to depth of
23 m. The water table was at G.L.-1.2 m.

Figure 2. Subsurface soil profile at the experimental site.
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Four rows of tieback splits anchors were being con-
structed into the medium stiff diluvial clay (Tc12,
SPT = 3∼6), overlaid by the soft alluvial clay (Amc,
SPT = 0∼3). Properties of the two clays are summa-
rized in Table 1.

3.2 Experimental splits anchors and test setup

Two experimental splits anchors, diameter of 800 mm
and length of 3.0 m (No.1) and 1.5 m (No.2) were
installed vertically to G.L.-9.2 m, embedded shallowly
(0.8 m) into the diluvial clay layer (see Fig. 3). A typ-
ical setup of uplift load test for vertical anchors was
employed.The anchor tendons were pulled with an oil-
pressure operated hollow jack instrumented by a load
cell. Movement of the tendon tip was measured by
a displacement gauge fixed on a rigid frame isolated
from the reaction beam. Performance, relaxation and
creep tests were conducted successively on the anchor
No.1. Only a one-cycle pullout test was performed on
the anchor No.2.

Table 1. Properties of the alluvial and diluvial clays.

Soil properties Amc Tc12

Classification – CHS CH
Natural water content w, % 58 64
Liquid limit wL, % 67 92
Plastic limit wP , % 25 27
Plasticity index IP , % 42 65

Und. shear strength (peak) s
p
u, kPa 53 126

Und. shear strength (res.) sr
u, kPa 50 90
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Figure 3. Two experimental splits anchors.

3.3 Estimation of anchors’ ultimate
pullout resistance

Table 2 tabulates the estimated ultimate pullout resis-
tances of the two splits anchors using the formulas
described above. The peak value of undrained shear
strength su = 126 kPa was used with two trial values of
the reduction factor α = 0.5 and α = 0.6. The estima-
tions indicate that a D-800 mm splits anchors provide
shaft resistances 6 times larger than those of φ-135 mm
shaft anchors. The difference becomes 12∼22 times
when take in to account the end resistance, which is
supposed to contribute a fraction of 55% ∼ 75% to the
total ultimate resistance of splits anchors.

3.4 Results of field tests

3.4.1 Performance test on anchor No. 1
Figure 4 shows load-movement curves of the perfor-
mance test on anchor No.1. Residual movement is read
after the anchor has been unloaded to a nominal align-
ment load from a given load in the cyclic loading.
Elastic movement is the difference between the total
movement measured at the tendons’tip and the residual
movement.

Table 2. Estimation of ultimate resistance and its
components.

Splits anchor Shaft anchor
L1.5m L3.0m L1.5m L3.0m

End resistance Qp, kN 635 635 – –
α = 0.5

Shaft resistance Q0.5
f , kN 238 476 40 80

Ultimate resistance Q0.5
u , kN 873 1111 40 80

α = 0.6

Shaft resistance Q0.6
p , kN 285 570 48 96

Ultimate resistance Q0.6
u , kN 920 1205 48 96

Note: D = 800 mm; d = 135 mm; H = 9.2 m; su = 126 kPa.
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Figure 4. Load-movement curves of the performance test
(No.1).
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The test was conducted with uplift load of 440 kN
(design load Qd = 400 kN). The anchor was verified
to safely carry the load with very small residual move-
ment of anchor body (∼3 mm), and no occurrence of
yield points on the load-residual movement curve.

3.4.2 Relaxation test on anchor No. 1
The anchor was locked off at the design load Qd =

400 kN, and periodic measurements of anchor load
were made in the successive nine days. The measure-
ments indicated a reduction of anchor load during
relaxation time with a strong variation following the
atmosphere temperature. Figure 5 shows the load
loss evaluated with series of measurements taken at
selected temperatures. Load loss percentages are lin-
early extrapolated to be 11.6%, 13.2% and 15.5%
after the first year. They are considerable larger than
reported measurements of shaft anchors embedded
in stiff clay: 5.2% (Briaud et al. 1998). The splits
anchors appeared more susceptible to relaxation, indi-
cating a higher potential of creep and a more intensive
redistribution of forces within the tieback supporting
system.

3.4.3 Creep test on anchor No. 1
Figure 6 plots the load-movement curve of the creep
test. Anchorage failure was observed at the load step
of 874 kN. Yield point in the load-residual movement
curve is detected within the load range of 800∼874 kN.
When the anchor was reloaded to 874 kN, excessive
creep movement occurred and the jack load dropped
to a steady value of about 820 kN. Creep rate of
21 mm/log t,which exceeded the failure criterion of
2 mm/log t,was observed in this final loading step.

3.4.4 One-cycle pullout load test on anchor No. 2
The short anchor was loaded to failure using a mono-
tonic incremental loading scheme. Similar to the
behavior of the long anchor, a slight peak anchor load
was observed at very small movement of the anchor
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Figure 5. Relaxation of anchor load.

body; then the anchorage failure occurred and the load
decreased to a residual value (see Fig. 7).The peak load
was 620 kN at the anchor body movement of 6 mm and
the residual load was about 550 kN.

3.5 Discussions

It is appropriate to assume that the difference of ulti-
mate resistances between the two anchors is due to
their shaft resistances, commensurably to the anchor
lengths:

The deduced shaft resistances QL3.0 m
f = 2QL1.5 m

f =

508 kN well approximate the estimations in Table 2
whereas the contribution of the end resistance and
suction force (Qp + Qs)δf = 366 kN is even smaller
than the estimated contribution of the end resistance
alone, excluding the fellow suction force. This over-
estimation is evidently due to the assumption of syn-
chronous occurrence of end resistance failure and shaft
resistance failure.
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Figure 6. Load-movement curves of the creep test (No.1).
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No.2.
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Mobilized shear strength τf is back-calculated as:

This value of the factor α is an upper bound of
reported α values of overconsolidated stiff clays of
comparable shear strength (Briaud et al. 1998). That is
the construction of splits anchors did not influentially
disturb the intact condition of adjacent structured clay.

4 NUMERICAL EXPERIMENT

4.1 Finite element model and soil parameters

Numerical experiment was performed using soil-water
coupled finite element analyses. Figure 8 describes
geometry and boundary conditions of the axisymmet-
ric analysis model. The anchor body was assumed to
behave elastically with perfect bonds with steel ten-
dons. Interface elements were introduced along the
anchor shaft. Table 3 presents soil parameters derived
and calibrated from laboratory test results. It was
assumed that debonding effect would activate when a
complete rupture surface was formed along the anchor
shaft. The effect was manually simulated by shifting
shear strength of the interface elements from peak
value to residual value.

Special settings were implemented in generating
initial stress condition of the structured Pleistocene
clay. While the stress state of the soil layer was defined
as of slightly overconsolidated clay with OCR = 1.2
and K0 = 0.6, a large pre-overburden pressure (POP)

Figure 8. Finite element model.

was imposed. Magnitude of POP was calculated as:
POP = p′

y−σ ′

v, where p′

y is compression yield stress

obtained in CRS oedometer tests and σ ′

v is in-situ
vertical effective stress.

4.2 Analysis results and discussion

4.2.1 Relaxation test
Figure 9 plots predicted anchor load, normalized
to lockoff load Q0 = 400 kN, as function of time t,
normalized to t1 = 1 min. The anchor load reduces
proportionally to the logarithmic normalized time up
to 2 years, after which it stays constant. Load loss
percentages after nine days and one year were pre-
dicted as 7.8% and 13.9%, reasonably approximated
the test results. Additional analysis for relaxation of a
φ−135 mm shaft anchor (L = 3.0 m) at similar lock-
off load level (Q0/Qu = 0.48; where Qu = 108 kN)
gave corresponding load loss percentages of 5.1% and
7.5%. Results given in Table 4 confirms that splits

Table 3. Input parameters of the clays (Hardening soil
model).

Soil properties Amc Tc12

Unit weight γsat ,kN/m3 16.7 16.3
Permeability k, m/sec 1.0E-09 3.0E-10
Peak cohesion c′

peak , kPa 35 90

Residual cohesion c′

res, kPa – 45
Friction angle φ′, deg. 25 24
Interface reduction factor Rinter – 0.6
Compression index Cc 0.80 1.48
Swelling/recomp. index Cr 0.08 0.06
Initial void ratio e0 1.60 1.90
Stiffness power m 0.8 0.6
Pre-overburden pressure POP, kPa 200 450
Initial lateral stress coef. K0 0.6 0.6

Figure 9. Predicted load relaxation performance of splits
anchor.
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Table 4. Load loss percentage of anchors embedded in
clays.

Splits anchor Shaft anchor

Relaxation
period Observed Predicted Observed Predicted

After 9 days 7.1 7.8 3.7 (∗∗) 5.1
After 1 year 13.4 (∗) 13.9 5.2 (∗∗) 7.5

(∗): linearly extrapolated; (∗∗): after Briaud 1998.

Figure 10. Load loss due to dissipation of pore water
pressure.

anchors embedded in clays are more susceptible to
relaxation than shaft anchors.

It is elucidated that the load loss of splits anchor is
gorvened by the consolidation progressing at two ends
of the anchor body. Figure 10 details the variations of
effective pressure and pore water pressure components
of the end resistance and the suction force. During
the relaxation period, the end resistance and suction
force gradually reduce due to intensive dissipations of
excess pore water pressure at the top and negative pore
water pressure at the bottom. The dissipations com-
pletes after two years and no further load loss occurs
thereafter (creeping due to secondary consolidation
was not considered).

Figure 11 notes that when soil permeability
increases, the relaxation process completes sooner at a
distinctly smaller total load loss percentage. However,
the rates of load loss in the early period of weeks appear
almost identical. That is, measurements of a relaxation
test only within its early period hardly can represent the
entire relaxation performance of the anchors.The issue
urges concerns in interpreting field test measurements
to evaluate long-term load loss of anchors embedded
in clays.

4.2.2 Creep test
Figure 12 gives predicted load-movement curves of the
creep test. Creep was predicted to increase rapidly in

Figure 11. Load relaxation at various soil permeabilities.

Figure 12. Predicted load-movement curves of creep tests.

the final load step, and failure of the shaft resistance
was attained at anchor load of 830 kN (see Fig. 13).
When debonding effect was simulated, the predic-
tions of creep movements at failure were significantly
improved that positively verified the observed anchor-
age failure. Creep movement is demonstrated as a
reliable criterion for evaluating anchorage failure both
in field tests and in numerical experiment.

4.2.3 Ultimate pullout resistance & suction force
Figure 13 plots the load-movement curves predicted in
final load step of the creep test on the anchor No.1 and
details the developments of the three resistance com-
ponents: shaft resistance, end resistance and suction
force. Ultimate shaft resistance is attained at move-
ment of 7∼8 mm while the other components keep
increasing thereafter. Shearing failure at the anchor
shaft initiates from the two ends and swiftly forms a
complete rupture surface when the ultimate shaft resis-
tance is attained (Fig. 14). Debonding effect probably
activates along the rupture surface thereafter, and the
load that fails the anchor at its soil-grout interface
is inferred as the anchor’s apparent ultimate pullout
resistance.
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Figure 13. Development of pullout resistance (anchor
No.1).

Figure 14. Development of soil-grout failure at anchor’s
shaft.

Table 5. Ultimate resistance and contribution of its
components.

Measured Predicated
L1.5m L3.0m L1.5m L3.0m

Ultimate resistance Qu, kN 620 874 570 830
Shaft resistance Qf , kN 254 508 269 542

41% 58% 47% 65%
End resistance & Qp + 366 366 301 288
suction force Qs,kN

59% 42% 53% 35%

Table 5 notes a good agreement between the pre-
dicted and the observed ultimate resistances. It is
manifested significant contribution fractions of the
end resistance and the suction force to the total pullout
resistance: 35∼53 %, comparable to the observations
of 42∼59 %. They are short-term undrained responses
of the clays against the fast load test. Figure 15 shows
that the two resistance components will vary distinctly

Figure 15. Time-dependent variation of resistance
components.

in long-term when the anchor load is held constant
or slowly increased. Consolidation and further anchor
movements induce a consistent increase of the end
resistance while the tension cut-off behavior of soil
restrains the transformation from short-term suction
force to longterm effective tensile stress. The suction
force is verified temporary and should be disregarded;
its inclusion in anchor load measured in field tests must
be properly apprehended.

The ultimate shaft resistance of the 3 m-long anchor
is twice of that of the 1.5 m-long anchor. In both cases,
shear stress is mobilized uniformly along the anchor
shaft at magnitude of about 72 kPa, implicating a shear
strength reduction factor α = 0.57 over su = 126 kPa.

5 CONCLUSIONS

– Due to consolidation, splits anchors embedded in
clay are more susceptible to load relaxation than
shaft anchors.

– The end resistance significantly contributes to the
ultimate resistance, but it is overestimated when the
superposition discipline is applied. The inclusion of
suction force in the measured anchor load must be
concerned in interpretation the field test results.

– The construction of splits anchors does not influ-
entially disturb intact condition of adjacent subsoil.
Peak undrained shear strength of the structured clay
can be used to evaluate capacity of the anchors with
the reduction factor α taken as 0.54.
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