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Abstract

Steel-encased concrete (SC) piles, when used near a pile cap, increase the moment and shear capacities of the pile-pile
cap connection, as compared to using prestressed high-strength concrete (PHC) or prestressed reinforced concrete (PRC)
piles. Hence, SC piles are frequently used in Japan for the development of earthquake-resistant pile systems. These piles
are mainly designed for levels of low-moderate seismicity and the guidelines for the design of these piles in levels of high
seismicity have not been established yet. Also, with the increasing commercial use of SC piles for bridge and building
constructions it is crucial to bring the current seismic design guidelines for these piles in line with the codes for
superstructure elements regarding the performance at ultimate and safety states. Hence, there is an imminent need for the
development of a performance-based design framework targeted for SC piles.

For this work flexure tests were conducted on 7 prefabricated SC piles of diameter 400 mm and length 1.2 m under
different conditions of axial load ratio (0~0.35), steel casing thickness (4.5~6.0 mm), concrete layer thickness (50~68
mm) and core filling (hollow, cement paste filled, normal concrete filled). To understand the flexural behavior of tested
piles, the observed failure modes, and influence of concrete crushing and local buckling of steel casing on moment
carrying capacity were examined in detail while paying attention to the post-peak behavior. The moment-curvature
relation of tested piles was evaluated theoretically using bilinear concrete and steel models which were based on the 2017
AlJ guidelines for seismic design of reinforced concrete foundation members (draft). The evaluation showed that the
theoretical strength calculations for both maximum and ultimate capacities became unreliable in cases with high axial
load ratios because buckling preceeded the occurrence of theoretical maximum strength. The authors established lower
and upper bound models, based on an improved concrete model for high-strength concrete and degree of concrete
confinement, to predict the maximum moment capacities. It was observed that the upper and lower bound models were
able to bracket the moment capacities from tests for SC piles under all levels of axial loads.

The results from this study are valuable and useful for engineers designing foundations in seismic areas. In particular, this
study helps engineers to determine the moment capacity of SC piles and understand the flexural behavior of SC piles up
to the ultimate state.

Keywords: Buckling of steel; High-strength concrete; Hollow spun pile; Performance evaluation; Precast pile
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1. Introduction

Several failures in piles supporting buildings were observed after the Hyogoken-Nambu
earthquake in 1995. These damages occurred due to the failure of piles in the bending shear mode
and subsequent crushing of the weakened sections. The reconnaissance surveys held in the Kobe area
after this earthquake [1,2] reported that the piles used were mostly precast, prestressed concrete piles
constructed before the 1980s and precast, prestressed high strength concrete (PHC) piles constructed
afterward. An important observation from this investigation was that at sites where PHC piles were
joined with steel pipe reinforced concrete piles near the head, little to no damage was observed even
when liquefaction of under-laying soil layers had occurred.

At present, the commercial use of precast SC piles near pile heads for building constructions in
Japan is increasing at a tremendous rate with each passing year. However, the guidelines for these
piles use basic design models as the related researches are few. The pile manufacturers in Japan
provide data regarding the allowable load capacity of precast SC piles, but there is very little data
available to assess their ultimate flexural performance for seismic design.

The current study is prompted to understand the structural performance and hysteretic behavior of
SC piles to improve the design guidelines and contribute to the ongoing development of Earthquake
Resistant (ER) piles. To this end, the objective of this study is to accumulate and analyze data obtained
from full-scale experiments on precast hollow steel-encased high-strength spun concrete piles tested
under cyclic loading and to reproduce performance up to the ultimate load condition with a simple
numerical analysis.

2. Outline of tests
2.1. Specimens

piles with a diameter, D= 400 mm, shear span ratio = 3, and length, L= {.=52-68
1.2 m, tested in a cantilevered configuration under combined axial and ,L =
bending loads. Figure 1 shows the general cross-section of the
specimens, and the specification for each manufactured unit is given in
Table 1. Here, the axial load ratio, n, is the ratio of external applied
axial load to the pure axial load carrying capacity based on the

This paper reports the tests on seven steel-encased concrete (SC) - D=400

unfactored strengths of concrete, steel, and the filling areas. All Steel
specimens were tested under constant compressive axial loads with the ) casing
ratio n varying from 0.00 to 0.35. All specimens were designed to fail - —- High Strength

in flexure and had a shear span to outer diameter ratio of 3.0. The Concrete
mechanical properties of concrete, steel and filling material measured ~ Figure 1: General cross-
during material tests are shown in Table 1. section of SC piles

The test variables were set as axial load ratio, n, steel to concrete strength ratio, f,As/f: A,
properties of the core filling material and the presence or absence of a filled core. In the case of SC1,
SC4 and SC 5, n was varied from 0.0 to 0.26, keeping all other variables the same. Steel to concrete
strength was varied between SC7 and SC4 piles to study the effect of reducing the steel section. The
hollow cores of SC8 and SC9 piles were filled with cement paste and normal concrete, respectively,
to study the changes in failure mode and pile capacities caused by preventing the spalling of the inner
face of concrete using low-cost materials. Additionally, the SC6 pile had a design thickness of 50 mm
(for other piles, thickness was 65 mm) to study the effect of reducing the concrete section on pile
capacities.
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Table 1: Specimen properties and material specifications

Pile D tc ts N n f- E, fy E, for  Eer Comment
D D
(mm) (KN) (MPa) (GPa) (MPa) (GPa) (MPa) (GPa)
SC1 400 017 0015 O 0.00 115 45,6 505 212 - - Hollow
SC4 400 0.6 0.015 2000 0.18 111 442 505 212 - - Hollow
SC5 400 0.7 0.015 3000 0.26 115 456 505 212 - - Hollow
SC6 400 0.3 0.015 3500 0.35 115 456 505 212 - - Hollow

SC7 400 0.16 0.011 2000 0.20 115 456 453 207 - - Hollow

SC8 400 0.17 0.015 3500 0.27 122 46.7 408 201 274 9.95 Cementfill

SC9 400 0.17 0.015 3500 0.28 122 46.7 408 201 23.7 26.7 Concrete fill
D: Diameter of the pile; t.: Thickness of concrete layer; tg: Thickness of Steel layer; N: Applied axial load;
n: Axial load ratio; f, f.r: Compressive strength of concrete and filling, respectively; f,,: Yield strength of
steel; E., Es, E¢5: Young’s modulus of concrete, steel, and filling, respectively.

2.2. Loading setup and instrumentation

The piles were tested as cantilevers with constant axial and reversed quasi-static cyclic lateral
loads applied with displacement control in the lateral direction at the free end. Figure 3 shows the
schematics of the large-scale loading setup along with the simplified diagram of deformations and
rotations measured at various heights of the specimen. The interaction of pile with soil was not
considered here. This test setup allows the study of pile behavior with high ductilities. The base stub
was a 700 mm x 1800 mm rectangular steel block with a cylindrical cavity to hold the specimen. The
space between the specimen and base was filled with a 15.9 mm thick layer of grout. Since the stub
block had very high capacity compared to the specimen, it was assumed to be rigid with negligible
deformations, and hence, the pile was assumed to be fixed at the base.

A 5000 kN loading jack was used to ]
apply the vertical axial load. The lateral | Diplacement Gauge  + Streingauge ., guong reaion lor
load was applied using two horizontal

N N
2000 KN jacks in the east (positive drift)
and west (negative drift) directions. All & ] &
specimens were controlled by drift ratios, +0 (gg_{g‘) | 0 }
R (%) for two loading cycles of 0.25%, Lo - - 7,ﬂ7,EH;TS,,,,7,YT,7,,,&DH;TN
0.5%, 0.75%, 1.0%, 1.5%, 2.0%, 3.0% and ! i
5.0%. | |

| i35 \

Figure 2 shows the instrumentation N = L
comprising of several strain gauges and ¢ §575 é’*”%““’ } ‘ \
displacement gauges that were installed = O | 130 | | A
along the outer surface of the casing, inthe |~ | 150 | A L L Y
vicinity of plastic hinge zones to measure 928 {150 | 250 0 OV-E2)
the longitudinal strains and curvatures. %12;)‘ 150 | !I',Z?}z%f%,‘f . “!% (DS/s:BcE)

Equations 1, 2, and 3 were used to Bae gpf s ! 1 /;»IBH_B
calculate the drift, R, at top and moment, i **JFOO“‘F*
M, atany height, x, from the base. The Figure 2: Measurement system (dimensions in mm)

additional bending moment due to P-A effect was also considered in the calculation of M, . As shown

in Figure 3, olis the horizontal displacement of the free end; 62 is the horizontal displacement of
the stub; 03 is the relative horizontal movement between the pile and the base stub; 6, is the rotation
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of the base; 6, is the rotation due to uplift of the pile from the stub and, épy wiand épy g; are the

measurements from gauges DV_W1 and DV_E1, respectively, with a distance of 470 mm from each
other. The lateral load, Q, and axial load, N, were measured by their corresponding load cells. For

x =25 mmand 75 mm, it is assumed that drift from the bottom is zero i.e., 8,5 = &,5=0.

61 —62—63
R = Reest = = —————— 0, = O (1)
M, =Q(L—x)+ N(61-6,) (2)
9., = 5DV_W1 - 6DV_E1 (3)
;=
u 400+ 2 %35
Reaction frame
|
|
|
| N
|
(s s i e o 4
= N | | 1
g ~ Linear slider /?,7#777“7 0l—-
§ "+ — Hydraulic Jack 5000kN // |
3] \ s
S | S
© ) Hydraulic Jack [ oad Cell / |
1000/2000kN " 1000/2000kN ‘ J/ =
\ , ~
/ -
O - FL+1900 / TRVAN
- e P — 7 =
& Loa(/j cell Iilydr/au ic iack i )‘(
. IS 1 2 N
oC Stesl Bar  SC Pile S 1000/2000kN 10002000 2
> @400 | — ‘ Clearance 15.9mm [
832 > "Lt s Groutfill FL+700 \
S e - /AL(,@UL','JQL ,,,,,,,,,,, W __ | —
b 02+63
| L:L
|
w1850 | 900 e 900 - iw 1600 Reaction floor

Figure 3: Schematic diagram of the test setup along with the simplified diagram of the deformations
and rotations in the specimen.

3. Experimental results and discussion
3.1. General behavior

The moment-curvature responses of all test specimens are shown in Figure 4. The plots also mark
the points on the curve corresponding to load steps where various characteristic events occurred i.e.,
yielding (compressive and tensile) of the extreme fiber of steel casing, the maximum moment at the
base, My mqx, and the ultimate moment M,,. The load step corresponding to the onset of buckling was
identified by strength degradation and photographic evidence and is also marked on the curve. For
this study, the ultimate point was defined by either 20% degradation of moment carrying capacity
from the peak moment in the envelope curve or the maximum observed curvature. In the case of SC5
and SC6 piles, a sudden drop in strength, more than 20%, was observed after reaching the maximum
moment capacity and hence the load step just before this drop was chosen as the ultimate point. Table
2 summarizes the moments and their corresponding drifts and curvatures observed at points of
maximum moment and ultimate moment for all piles. Here ¢, is defined as the curvature at either the

tensile or compression yielding of steel casing, whichever was observed first.
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Figure 4: Cyclic moment-curvature response of piles along with results from theoretical analysis.
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Make it safer

Table 2: Summary of maximum and ultimate moment, and corresponding drift ratios and curvatures.
Average maximum load capacity is also shown.

Pile | Yield Maximum Ultimate* IAverage|Curvature| Initial

curvature Load | ductility |stiffness

¢y ¢ at I?- at M(-)'.,max ¢ at F_\)at Mo,ma.x ¢u Ru Mu Qmax ¢u / ¢y El
M(T,max MO,max M()_,max Mo,max

(Um/10%) | (Im/10%) (%) (KN.m) (1/m/10%) (%) (KN.m)|{(1/m/10%) (%) (KN.m) | (kN) (MPa.m*)
SC1| 0.88 9.55 2.06 631 -5.08 -1.11 -608 | 1517 -# 584 515 17.2 64.2
SC4| 0.71 3.74 0.71 813 -3.32 -0.80 -789 | 6.77 0.72 647 638 9.5 81.4
SC5 0.54 3.22 0.73 845 -2.96 -0.78 -815 221  0.72 825 648 4.1 82.2
SC6 0.48 1.02 0.38 651 -0.56 -0.22 =724 1.02 047 636 547 2.1 81.2
SC7| 0.61 2.07 0.65 639 -186  -062 -624 | 500 1.25 507 504 8.2 75.1
SC8| 0.48 4.63 0.82 856 -4.22 -092 -865 | 7.84 1.10 691 669 16.3 85.6
SC9| 0.49 3.39 0.44 830 -3.69 -1.08  -844 | 5.06 0.27 671 655 10.3 88.8

*Corresponds to data captured 1) at maximum drift for SC1, 2) before a sudden drop in the moment after reaching
maximum capacity for SC4 and SC5, and 3) at a drop in the moment-carrying capacity by 20% for the rest.;

#Not captured due to the removal of level (D displacement gauge.

It was observed that the moment and load-
carrying capacities of axially loaded test
specimens were influenced by the onset of
local buckling of the steel casing in the later
cycles. Specimens with higher compressive
axial loads were stiffer at smaller drifts, but
stiffness degraded abruptly with the
development of local buckling. Figure 5
shows the observed buckling at the end of
the test for SC1 and SC5 piles. Buckling
extended up to a length of around 100 mm
in all cases. The buckling first occurred at
one of the extreme compression fibers in
either positive (west) or negative (east)
direction, and then it spread along the
circumference in case of piles with
compressive axial loads. In the case of SC1 |
pile, there was some residual drift at the Flgure 6: Zone of concentrated plastic damage in SC1 pile
end of loading because permanent buckling after (a) removal of the casing and (b) scrapping off concrete.
occurred only in the negative direction (the — : R o
last loading cycle was R, = -5.0%) as seen

in  Figure 5(a). After removal of steel
casing at the end of loading, concrete under
the region of buckling to a height of 125
mm (0.31D) was found to be crushed in all
cases as shown in Figure 6 and Figure 7 for
SC1 and SC5, respectively. As inferred by B
Park et al. 1983 [3] for similar damage, this  Figyre 7: Zone of concentrated plastic damage in SC5 pile

region represents the zone of concentrated after (a) removal of the casing and (b) scrapping off concrete.
plastic damage.

9% 91 idIBB LOEH

SC8 and SC9 piles with filling materials showed very different behavior from the hollow piles. These
piles were more ductile and could sustain loads to comparatively higher drift levels at high axial load
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ratios. The damaged region extended to 100 mm and crushing in filling material occurred at the same
height as that of the concrete layer.

No fracturing of steel casing was seen in any of the current tests. By the end of loading, yield
curvature, ¢, , was exceeded in over 528 mm to 600 mm heighti.e. 0.44 L to 0.50L .

3.2.  Comparison of performance

In this section, performance is compared for piles Curvature ductiity (hollow-core) O M, (hollow-core)
with different axial load, with different thickness B cunaure ductiy (fledcore) @ M (fledoore) |
of casing, with different filling materials, and for o’
piles with or without filling material. The © [
performance is evaluated based on moment and o[ "™
load carrying capacity, strength degradation and
curvature ductility. Curvature ductility is defined

as the ratio ¢, /¢, . Figure 8 compares the

capacity of five of the tested piles in terms of
their curvature ductility and maximum moment
capacity.

N
o
1

- 600

=
o
1

- 500

- 400

=
o
1

- 300

200

Curvature ductility, ¢,/¢,
Moment capacity, M, (KN.m)

o
1

100
Piles with different compressive axial loads 0 . E : | 0

0.0 1.8 0.2 0.2(3'/0.27 0.28 0_‘35
Comparing moment-curvature behavior between & S £ £ &

SC1, SC4 and SC5 piles shows that increasing Axial load ratio, 7

the axial load increases the initial stiffness as Figure 8: Curvature ductility and moment capacity of
well as moment capacity of specimens as seen in SC piles from experiment.

Table 2. However, because of early onset of local buckling, axially loaded SC4 and SC5 piles showed
sudden and early strength degradation. Curvature ductility of SC1 pile is 1.81 and 4.22 times greater
than those of SC4 and SC5 piles, respectively. SC4 and SC5 piles showed stable behavior up to R,

= 1% (4" load cycle) and then started losing strength due to buckling of extreme compression fibers
in the casing. On the other hand, SC1 pile remained stable up to R, = 5% (8" load cycle) with no
considerable decrease in moment capacity.

Piles with different thickness of casing

Comparing the performance of SC4 (t, = 6 mm, fy = 505 MPa, N = 2000 kN) and SC7 (t, = 4.5

mm, fy = 453 MPa, N = 2000 kN) piles shows that SC4 pile had a greater moment and load bearing
capacity than SC7 pile both before and after yielding of casing. Reducing the steel to concrete strength
ratio, f,As/fcAc by 35% from SC4 to SC7 resulted in decrease of M, . by about 22.0% and

curvature ductility by 13.0%. However, the performance in terms of drift remained similar in both
cases. More importantly, decreasing the casing thickness resulted in earlier buckling. Hence, buckling
of casing rather than concrete crushing became the factor governing the moment capacity in SC7 pile
while this was not the case for SC4 pile.

Piles with different filling material

The core of SC8 and SC9 piles were filled with cement paste and normal concrete, respectively. These
materials have very different Young’s modulus but the performance of SC8 and SC9 piles was almost
identical. Concrete filling increased the maximum and ultimate bending moment capacities M,

and M, by only 2.3% and 2.0%, respectively compared to cement paste filling. This shows that the

© The 17th World Conference on Earthquake Engineering - 2i-0047 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

choice of filling has little effect on the strength. However, filling with either material contributes to
improvement in the ductility performance by providing confinement to outer HSC, as will be seen in
the next subsection.

Comparison of piles with filled core and hollow piles

Comparing core-filled piles with SC5 pile which had the same axial load ratio and less axial load
shows that core-filled piles had more moment and load carrying capacity as well as ductility. In the
case of SC5 pile, the largest drift to which the pile could be tested was R, = 2% (6™ load cycle),
while in the case of both SC8 and SC9 piles the largest drift corresponded to R, = 5% (8" load
cycle). It can also be seen that in general core-filled piles with high axial loads are more ductile
compared to hollow piles with same axial load. It is also worth noting that curvature ductility capacity
of core filled piles with 3500 kN axial load (= 0.27 and 0.28) is similar to SC1 pile that had no axial
load (7 = 0). It should be noted that while designing SC piles according to current design guidelines,
the filling material properties are ignored, and the pile is assumed to be hollow. Comparing SC6 and
SC8 pile in Figure 8 it is clear that ignoring the effect of filling material would lead to very
conservative design as core-filled SC8 pile had 1.2 times more moment carrying capacity and 7.7
times larger ultimate curvature than hollow SC6 pile.

The hysteretic behavior of core filled piles was markedly different from hollow piles because these
piles retained some of their moment carrying capacity even after buckling. In both SC8 and SC9 piles
it was observed that the capacity started decreasing in the R, = 1% cycle temporarily but afterwards
a slight increase in capacity was seen with increase of drift in both cases. The local buckling and
crushing of spun HSC and filling material led to the large hysteric loops seen in the later cycles.

From the above discussion, it can be inferred that by prevention of concrete spalling on the inner side
(i.e. by addition of filling material), a drift performance similar to the case of no axial load can be
achieved even in case of high axial loads with 7 ~0.3. This shows the advantage that these core filled
piles have over hollow piles in terms of strength and ductility. This is an economical solution, the
benefit of which might be taken by choosing a low-cost material for core filling to ensure that the
HSC layer is amply confined.

4. Section analysis using fiber-based models
4.1. Model Description

In order to assess the theoretical behavior of SC piles, monotonic moment-curvature analysis was
carried out for the test sections using OpenSees. Apart from the basic assumptions that go with
sectional analysis, other important assumptions with the model were: 1) no slip was assumed between
concrete and steel casing, 2) buckling was not modelled and 3) in cases where confinement was

modelled, the confinement coefficient, C_, was calculated by using the model by Muguruma et al.

[4], assuming the steel spacing to be zero. Three concrete models were used for comparison. The
stress-strain curves for the three concrete models are shown in Figure 9 along with the curve from
the material test. The stress-strain curves for the steel models are shown in Figure 10.

AlJ model:
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The first model is an elastic-perfectly plastic (bilinear) model
based on AlJ guidelines [5] for design of hollow SC piles. The
guidelines stipulate to assume the concrete to be unconfined sqg-
with an ultimate strain value of 0.5% beyond which the

o

concrete is assumed to take no further stress. Hence, the g —— Test
capacity of pile at this point is the ultimate capacity. Also, < - =+ AlJ (Bilinear)
concrete is assumed to have no tensile strength. An elastic- - - - SteelMPF
perfectly plastic model was also used for steel casing per AlJ 0
guidelines [5]. 0 5 £ (%)
Lower and upper bound models: Figure 9: Stresst—st:ain envelop of
stee
Owing to a lack of clear data on confinement effect in circular L
hollow SC sections filled with HSC, a lower bound and upper K T
bound approach similar to Park et al. [3] was adopted. The upper 1151 fef ., i
i ; i : Test :
bound approach assumed full composite action and confinement  —.| fr | i
. . N EEETTTTY AlJ :
in concrete with C; calculated from Eq. 4. Because of the < |/ \i{ _ _ _| owerbound '
unknown bond behavior between casing and concrete and © /Sf?\ -+ = Upper bound -
unknown dilatancy parameters to model confinement in HSC, “ ' '
the lower bound approach assumed the case of no confinement 0 o5 1 > £ (%)

in concrete. The unconfined plain concrete was modeled using

the Muguruma model (Muguruma et al. [4]) for high strength ~ Figure 10: Stress-strain envelope of
concrete in circular section. Strain at compressive strength of concrete

plain concrete, &, , was taken from the material test data whereas the strain at ultimate strength, ¢,,
was determined using Eq. 5. For confined concrete, the model proposed by Komuro et al. [6] was
used which is based on modified Muguruma model [4,7] for confined high strength concrete. The
parameters for confined high strength concrete i.e. strain at compressive strength of confined
concrete, &.,,, maximum compressive strength, o.,,, and strain at ultimate strength of confined
concrete, €., were calculated according to Equations 6, 7 and 8. These models were implemented
in OpenSees by changing the compression side envelope curve in Concrete02 (OpenSees) uniaxial
material. Concrete strength in tension, f,, was taken as 0.14 f, and tension softening stiffness was

taken as f,/0.002.

&, = 1.314¢, (5)

Eem = (1 4+ 250C)e, (6)
oem = (1 +75C)f (7)
gy = (0.401 + 1460C,) ¢, (8)

In both upper and lower bound cases, steel was modelled using SteeMPF (OpenSees) uniaxial
material, which represents constitutive nonlinear hysteretic material model for steel proposed by
Menegotto and Pinto [8] and extended by Filippou et al. [9] to include isotropic strain hardening
effects.

The model using unconfined Muguruma model for concrete and SteeMPF material model for steel
is henceforth denoted as the lower bound model while the model using confined Muguruma model
for concrete and SteeMPF material model for steel is henceforth denoted as the upper bound model.
The maximum moment capacities of all piles is expected to lie within these bounds.
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4.2. Comparative evaluation of numerical Table 3: Comparison of maximum moment. Ratio of
models experimental to theoretical values are shown for the

. . three theoretical models.
Table 3 gives a comparison of flexural strength

from test to the calculated values. In the case of Model All Lower Upper
the AlJ model, the moment capacity when strain _ bound bound
in concrete is 0.5% has been used for SP'C'?L 102 103 0.89
: . _ ko . . :

comparison and is denoted by ¢, ,, = 0.5%. scd 104 117 0.89
Figure 4 shows the moment vs curvature SC5 1.01 1.18 0.85
relationship generated from these numerical SC6 0.91 111 0.70
sc7 0.98 1.10 0.89

models.
: hat th del ai liabl scs 1.09 1.21 0.95
It is seen that the AlJ mo el gives very reliable SC9 107 115 0.92
prediction of moment capacity based on &, ,,, = Average 1.02 1.14 0.87

0.5% value with only +9% error. This model might be used for prediction of design strength for piles
with low axial load ratio. As the axial load ratio increases to more than 0.26, the moment capacity
seems to depend more on buckling of steel casing than on concrete crushing which makes this model
ineffective. In addition to this, owing to its simplicity, this model cannot be used for simulation of
hysteretic behavior of piles.

As expected, the upper and lower bounds were able to bracket the moment capacities from tests within
their limits for all piles. The lower bound model showed degradation in strength due to crushing of
the unconfined concrete before reaching the maximum capacity from test, whereas the upper bound
model overestimated the test capacity by overshooting the values after buckling was observed in the
test for hollow axially loaded piles. In the case of core filled piles, the confined HSC model was able
to give a good prediction of maximum moment capacity implying that the assumption of full
confinement of concrete is correct for filled-core piles. The capacity degradation after buckling could
not be simulated well.

Buckling rather than concrete crushing tends to govern strength degradation in hollow piles with high
axial loads. On the other hand, in the case of SC1 pile with no axial load, concrete crushing tends to
govern the strength degradation as can be seen from capacity drop in the curve from the lower bound
model after reaching maximum capacity. This shows that the criteria governing maximum capacity
of SC piles shifts from concrete crushing to buckling as the axial load increases. However, it is
difficult to establish the degree of confinement in hollow piles from the results of seven specimens.
Theoretical strength calculations for both maximum and ultimate capacities became unreliable in the
case of hollow SC piles with > 0.26 because buckling preceded the occurrence of theoretical

maximum strength.

5. Conclusions

An experimental study was conducted on seven hollow steel-encased concrete (SC) piles made with
high strength concrete (HSC) to examine the effects of high axial loads, concrete thickness, steel
casing thickness and filling material on their performance under cyclic loading. The tests were
conducted on 400 mm diameter sections made of HSC of grade 105 MPa under applied axial load
ratio in the range of 0~0.35. A comparison with theoretically obtained moment capacity was also
conducted by section analysis in OpenSees using 1) elastic perfectly plastic models for steel and
concrete, and 2) unconfined and 3) confined Muguruma models for HSC with a modified Menegotto-
Pinto model for steel. Attention was paid particularly to the ultimate behavior, maximum moment
capacity and ultimate curvature. Based on the results of this experimental investigation, the following
conclusions are drawn:
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1) The moment and load-carrying capacity of hollow, axially loaded piles with » > 0.26 were
influenced by the onset of buckling which caused the strength to decrease abruptly. It was seen that
for R, < 1.5%, most curvature deformations were concentrated between 0 mm to 125 mm (0.31D)

height.
2) On comparing the behavior of SC4 and SC7 piles, it was observed that reducing the steel to
concrete ratio, f,Ag/f.A., by 35% resulted in a decrease in M, . by about 22% and curvature

ductility by 14.0%. Additionally, buckling of casing rather than concrete crushing became the factor
governing the moment capacity in the SC7 pile with thinner casing.

3) The addition of filling material dramatically improved the ductility of piles by prevention of
spalling of inner concrete. The hysteretic behavior of core-filled piles included retention of moment
carrying capacity even after buckling of steel casing. Further, a drift performance similar to the case
of hollow piles with no axial load could be achieved in core-filled piles with high axial loads of 3000
kN.

4) A comparison with theoretical observations showed that strength degradation in these piles is
caused either by concrete crushing or buckling. Concrete crushing is the governing factor for hollow
SC piles loaded with a low compressive axial load while the factor shifts to buckling as the axial load
is increased. Theoretical strength calculations for both maximum and ultimate capacities became
unreliable for hollow SC piles with 7 >0.26 because buckling preceded the occurrence of theoretical

maximum strength.
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