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Abstract— Results from tests on six steel-encased concrete pile specimens under cyclic, combined axial-flexure loading are presented. 

The bending capacity is verified against various available design codes for composite members. A computationally efficient fiber-

based model is proposed and validated against test results. 

I. INTRODUCTION 

The applicability of current guidelines for the design of 

steel-encased concrete (SC) piles has not been verified for 

design in severe earthquakes when an SC pile is expected to 

endure axial loads from -0.5 to 0.7 times the section 

capacity[1]. Furthermore, there is an imminent need for 

models that, in addition to strength, can also predict member 

ductility. This is important for the development of a 

performance-based design framework targeted for SC piles.    

II. TEST PROGRAM 

In a previous study[2], the 

authors have tested six precast 

hollow/filled SC pile specimens 

made of high-strength (HS) 

concrete under combined axial-

flexure loading. Fig. 1 shows the 

general cross-section of the 

specimens. High levels of axial 

loads were applied as given in 

Table 1 to study the behavior 

under severe earthquake conditions. Table 1 also summaries 

the other specimen details. The core of SC8 was filled with 

low-cost material (cement paste). 

TABLE I 

SPECIMEN DETAILS AND MATERIAL PROPERTIES 

Pile Outer 
dia. 

  Axial 
load 

ratio 

Concrete Steel Core Filling 

 D 𝑡𝑐

𝐷
 

𝑡𝑠

𝐷
 

η 𝑓′𝑐 𝐸𝑐
  𝑓𝑦 𝐸𝑠

  𝑓𝑐𝑓
  

 

𝐸𝑓
  

 mm    MPa GPa MPa GPa MPa GPa 

SC1 400 0.17 0.015 0.00 115 45.6 505 212 - - 

SC4 400 0.16 0.015 0.18 111 44.2 505 212 - - 

SC5 400 0.17 0.015 0.26 115 45.6 505 212 - - 

SC6 400 0.13 0.015 0.35 115 45.6 505 212 - - 

SC7 400 0.16 0.011 0.20 115 45.6 453 207 - - 

SC8 400 0.17 0.015 0.27 122 46.7 408 201 27.4 9.95 

III. TEST RESULTS 

Fig. 2 shows the moment-curvature relationships obtained 

from the tests. The characteristic points on the hysteresis 

curves are also shown. It is seen that as axial load increases, 

the moment capacity and stiffness also increase; however, 

the curvature ductility decreases. 

Fig. 3 shows the damage sustained at the end of loading, 

and after removal of the casing and scraping off loose 

concrete in SC1 and SC5 specimens. In specimen SC1 with 

low axial load, the governing failure mode was concrete 

crushing leading to local buckling at the compression face, 

whereas, in 

specimen SC5 

with lower axial 

load, local 

buckling was the 

governing failure 

mode which was 

caused by the high 

compressive axial 

load. The bulge in 

steel casing caused 

by local buckling 

was found to occur 

at around 50 mm height from the base in all the specimens. 

From the distribution of curvature along the pile height, it 

was seen that the distribution remained linear after 125 mm 

(0.31D) from the base making 0-125 mm the zone of 

concentrated plastic damage.  

IV. AXIAL-FLEXURAL CAPACITY PREDICTIONS OF CURRENT 

DESIGN CODES 
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A. AIJ-SC guidelines 

The moment capacity of precast SC piles is currently 

estimated using strain compatibility method with the 

assumption of linear strain distribution[3]. An elastic-

perfectly plastic stress distribution is used for both concrete 

and steel. In case of both hollow-core and filled-core 

sections, the concrete is assumed to be unconfined with the 

ultimate strain, 𝜀𝑐𝑢𝑐
 = 0.5% and the strength of filling (if 

present) is ignored. Comparison of the bending strength 

obtained using AIJ-SC guidelines with the test results is 

shown in Fig. 2. Based on the approach used in the AIJ-SC 

guideline, lower bound and upper bound models were also 

developed. While keeping steel model the same, concrete 

model was changed to the model by Muguruma et al.[4] and 

Komuro et al.[5] of HS concrete for the unconfined and 

confined concrete, respectively. The comparison of moment 

capacities predicted by these models with test is summarised 

in Table II and the obtained moment curvature relations are 

shown in Fig. 2. 

B. CFT codes 

The current specimens do not fall into the scope of the 

available codes (AIJ-SRC (2001), EC4 (2004), and AISC 

(2016)) for composite member design in axial-flexure loads. 

Despite this the different approaches given in these codes for 

determination of member bending capacities were used to 

study their applicability. The plastic stress distribution 

method given in each code was followed. The results are 

summarized in Table II. It is seen that the predictions from 

AISC and EC4 are highly underestimated. This implies that 

the factors used to reduce section strengths to member 

strengths are too strict. On the other hand, the predictions by 

AIJ-SRC (plastic stress distribution method) are very close 

to the results from AIJ-SC (strain compatibility method). 

This might be because the full section strengths were used in 

both these models. 

TABLE II 

MOMENT CAPACITY PREDICTION USING VARIOUS MODELS (TEST/CAL) 

 
Upper 
Bound 

Lower 
Bound 

AIJ-
SC 

AIJ-
SRC EC4 AISC 

Fiber 
Model 

SC1 0.97 1.03 1.00 0.94 1.22 1.07 1.03 

SC4 0.92 1.09 1.02 0.99 1.29 1.23 0.99 

SC5 0.86 1.09 0.99 0.96 1.27 1.30 0.93 

SC6 0.68 1.03 0.86 0.84 1.12 1.25 1.09 

SC7 0.91 1.04 0.99 0.97 1.27 1.34 0.97 

SC8 0.75 1.22 1.13 1.12 1.48 1.67 0.98 

𝑥̅ 0.85 1.09 1.00 0.97 1.28 1.31 1.00 

𝜎𝑠𝑑 0.10 0.06 0.07 0.07 0.10 0.17 0.05 

V. ADVANCED FIBRE-BASED NUMERICAL MODEL 

The current guidelines tend to give a reasonable estimate 

of ultimate section capacity but cannot be used to simulate 

(1) the post-peak behaviour, (2) the energy content, (3) the 

drift capacity, and (4) the ductility capacity. Hence, a 

computationally efficient fibre-based model is proposed to 

overcome these shortcomings. The cyclic constitutive model 

for concrete uses the model by Komuro et al.[5] for 

compression side envelope, linear softening in the tension 

side envelope and Yassin’s model for the hysteresis. 

Confinement is reduced by a factor depending on diameter 

of the hollow core. The cyclic constitutive model for steel 

consists of the Menegotto-Pinto (MnP) model modified for 

buckling. The buckling model is derived from two previous 

studies[6,7] on hollow steel tubes and was integrated with the 

MnP model in OpenSees. It is proposed to have a single 

element in the damage zone to avoid convergence issues. 

The buckling model was assigned to steel only in the 

damaged zone. 

A. Validation of the proposed model 

Fig. 4 shows the moment-drift relations obtained from the 

proposed model for the six specimens. The model can 

predict moment-drift behavior very well. The comparison of 

predicted moment capacities with the test is summarised in 

Table II. The error in moment prediction is less than ±9%.  

 
FIG. 4 Comparison of moment-drift relationship obtained using the 

proposed model with test results. 

VI. CONCLUSION 

For the prediction of bending capacity of SC piles under 

combined axial-flexural loading, the strain compatibility 

model in AIJ guidelines is most suitable out of the available 

design codes for composite members. For the prediction of 

drift capacity, a computationally efficient fiber-based model 

is proposed and successfully validated. 
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