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1. Introduction 
 

Renewable energy, widely used for buildings with solar 
panels or wind mills attached to (Hayter and Kandt 2011), 
has a nature of intermittency. This intermittent nature, due 
to climate and day-and-night diurnal cycles, does not allow 
for an uninterrupted energy supply (Rugolo and Aziz 2012). 
One of solutions is to store extra renewable energy when it 
is available and release it for later use. One of prominent 
technologies for energy storage is compressed air energy 
storage (CAES) (Zhang et al. 2012, Kim et al. 2017). 
Utilizing CAES, a renewable energy storage pile foundation 
system is being developed through a multi-disciplinary 
research project (Sabirova et al. 2016, Tulebekova et al. 
2017). This system intends to use reinforced concrete pile 
foundations configured with hollowed sections to store 
renewable energy generated from solar panels attached to 
buildings in the form of compressed air. 
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An analytical study using three-dimensional (3D) finite 

element models was conducted for regular reinforced 

concrete pile foundations (Zhang et al. 2018). The results of 

the finite element analyses showed that the pressure from 

the compressed air is significant, which generates 

considerably high tensile circumferential stresses in the pile 

section. These tensile stresses cause cracking of the 

concrete, which can lead to the leakage of air and damages 

of the pile. Hoop reinforcement placed in the pile has 

potential to resist these tensile stresses. However, from 

analytical results, the needed hoop reinforcement for 

preventing full section cracking is quite high (ranged from 3 

to 6%) due to the strain compatibility between steel and 

concrete. This high hoop reinforcement ratio can result in 

difficulties in the construction of the pile foundation.  

Alternative solutions are available for the energy storage 

pile foundation to resist the high tensile stress including: (1) 

developing high performance concrete with a tensile 

strength safely higher than the demand from the compressed 

air (Bektimirova et al. 2017, Bektimirova et al. 2018); (2) 

utilizing steel pipes as the pile foundations (Ko et al. 2018); 

(3) using steel tubes filled with concrete for the pile 

foundations (Agibayeva et al. 2018); (4) replacing the 

regular reinforced concrete with the fiber reinforced 

concrete with semi-ductile post-cracking behaviors. 

This paper investigates the last option of using the fiber 

reinforced concrete for the energy storage pile foundation 

through nonlinear finite element simulations. Several 

parameters were considered in this paper including concrete 

grade, fiber content and thickness of the pile section. 
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Abstract.  A renewable energy storage pile foundation system is being developed through a multi-disciplinary research project. 

This system intends to use reinforced concrete pile foundations configured with hollowed sections to store renewable energy 

generated from solar panels attached to building structures in the form of compressed air. However previous research indicates that 

the compressed air will generate considerable high circumferential tensile stresses in the concrete pile, which requires unrealistic 

high hoop reinforcement ratio to avoid leakage of the compressed air. One possible solution is to utilize fiber reinforced concrete 

instead of placing the hoop reinforcement to resist the tensile stress. This paper investigates nonlinear structural responses and post-

cracking behavior of the fiber reinforced concrete pile subjected to high air pressure through nonlinear finite element simulations. 

Concrete damage plasticity models were used in the simulation. Several parameters were considered in the study including concrete 

grade, fiber content, and thickness of the pile section. The air pressures which the pile can resist at different crack depths along the 

pile section were identified. Design recommendations were provided for the energy storage pile foundation using the fiber 

reinforced concrete. 
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Nonlinear static analyses were conducted using two-

dimensional (2D) plane strain models with concrete damage 

plasticity. The 2D model was subjected to an increasing 

pressure up to the crack penetrating through the entire pile 

section, after which the leakage of air is expected to occur 

and the energy storage function of the pile foundation will 

lose. The post-cracking behavior of the fiber reinforced 

concrete was examined. The air pressures which the pile 

can resist at different crack depths along the pile section 

were identified. By comparing analytical results with 

pressure demands for typical buildings, design 

recommendations were provided for the energy storage 

foundation using the fiber reinforced concrete. 
 
 

2. Background 
 

2.1 Stresses in pile foundations 
 

The proposed energy storage pile foundation is typically 

subjected to loads from the superstructure, constrains from 

surrounding soils and applied pressure (Pa) from the 

compressed air as shown in Fig.1. Under these combined 

actions, the pile section will develop three stress 

components: vertical stress (v), circumferential stress (), 

and radial stress (r). From the analytical results in Zhang et 

al. (2018), the following findings were observed: (1) the air 

pressure generates significant tensile circumferential and 

compressive radial stresses with a non-uniform distribution 

along the radius direction of the pile section (see Fig. 1b). 

The non-uniform distribution of the stress provides an 

opportunity to use the hoop reinforcement or the fiber 

reinforced concrete to limit the crack depth along the pile 

section;  (2)  the soil  constrains generate  tr ivial 

circumferential and radial stresses comparing to those from 

the compressed air. Moreover, the circumferential stress 

from the soil constrains is in compression, which will 

reduce the tensile stress from the compressed air; (3) the  

 

 

vertical stress from the structural loads is insignificant and 

reduced by the uplifting action from the compressed air 

(See Fig. 1a). 
Since the effects of the structural loads and the soil 

constrains are limited and provide favorable conditions 
comparing with the compressed air, this paper focuses on 
the nonlinear behavior of the concrete pile section under the 
air pressure using the 2D plane strain model without 
considering the structural loads and the soil constrains. 
Thus, the results presented in this paper are also applicable 
to general concrete cylinder containers subjected to high 
inside pressures. 

 
2.2 Fiber reinforced concrete 

 
In cases where the structures undergo significant 

complicated loading, such as in large slabs, shear walls and 

energy storage pile foundations discussed in this paper, 

reinforcement ratio for regular concrete is unconventionally 

high. Due to this phenomenon, several issues are 

encountered such as rebar crowding and low workability of 

concrete (Lee et al. 2016). Fiber reinforced concrete has 

potential to overcome this issue with its considerable high 

tensile strength and semi-ductile post-cracking behavior. 

The increase of tensile strength and ductility is originated 

from high strength fibers (typically in hooked shapes) such 

as steel fiber (Kwak et al. 2002), polyethylene fiber (Yu et 

al. 2017), polyvinyl fiber (Zhu et al. 2018), and glass fiber 

(Yoo and Banthia 2015). The effectiveness of fibers on 

increasing the tensile strength and ductility is largely 

dependent on the fiber content as well as the concrete grade 

(strength). The higher strength of concrete, the more 

bonding can be formed between the fiber and concrete. 

Thus, in turn, higher tensile strength and ductility can be 

obtained compared to the regular concrete (Kwan and Chu 

2018). Therefore, this paper used the concrete grade and the 

fiber content as study parameters for the fiber reinforced 

concrete. 

 

Fig. 1 Stresses in the pile foundation: (a) vertical stresses; (b) circumferential and radius stresses 
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2.3 Pressure demand on piles 
 

The pressure demand (PD) on the pile can be calculated 

using thermodynamic cycles of CAES with available 

energy for storage (𝑤𝑖𝑛̇ ) and available volumes for storage 

(Vs) by solving an implicit equation (Eqn.1). The more 

available energy and the less available volume for storage 

are, the higher pressure demand is. The detailed derivation 

of Eqn.1 can be found in Zhang et al. (2018). 
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(1) 

where, R is the universal gas constant; T1 is the ambient air 

temperature; C is a constant taken as 10.89; tin is the time 

for compressing air; i and  are the initial density and 

molar mass of the air, taken 1.2 kg/m3 and 0.029 kg/mol 

respectively; 1 is the efficiency for compressing the air. 

The available energy for storage can be determined as 

differences between energy supplies from solar panels and 

energy demand from the end-users. Figure 2a shows the 

energy supply, the energy demand and the available energy 

for storage per unit floor area for typical residential 

buildings ranged from 2 to 10 stories. The energy supply 

was obtained from experimental data of solar panels and the 

energy demand was estimated from typical residential 

buildings in Astana, Kazakhstan, as discussed in Zhang et 

al. (2018). Figure 2b shows the available energy for storage 

for each column with different column spaces and numbers 

of stories. As seen, as the column space and the number of 

stories increase, the available energy for storage increases. 

The available volume for storage for each column is 

dependent on the length of pile, number of piles and the 

 

 

inner diameter (di) of the pile. The length of pile and 

number of piles for each column were determined from the 

geotechnical design by assuming the outer diameter (do) of 

pile as 1 m as discussed in Zhang et al. (2018). The 

maximum inner diameter of the pile was determined as 

800mm for safely carrying the vertical structural loads as 

discussed in Zhang et al. (2018). Figure 2c shows total pile 

length (length of each pile multiplied by number of piles) 

for each column, which increases as the column space and 

number of stories increases due to the increase of the 

vertical structural load. 

Figure 3 shows the pressure demand (PD) vs. different 

column spaces, numbers of stories and inner diameters of 

the pile section. As seen in Fig. 3, the pressure demand 

shows similar values for different column spaces and 

numbers of stories because both the available energy and 

the volume for storage increases as the increase of the 

column space and the number of stories. On the other hand, 

the inner diameter (di) of the pile only affects the available 

volume of storage and plays an important role on the 

magnitude of the pressure demand. Thus, the inner diameter 

of the pile was used as one of study parameters in this 

paper. 

 

 

3. Parametric study 
 

3.1 Concrete properties 
 

This paper adopted four different grades of concrete 

(C30, C60, C150 and C250) and four different steel fiber 

contents (1%, 1.5%, 2% and 3%) as study parameters for 

the fiber reinforced concrete. The C30 and C60 concrete 

 
Fig. 2 Storage energy and pile design: a) energy for typical residential buildings; (b) available energy for storage for each 

column; (c) required total length of the pile for each column 

 

 
Fig. 3 Pressure demand: a) 5x5 m column space; (b) 6x6 m column space; (c) 7x7 m column space 
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Table 1 Properties of fiber reinforced concrete from tests 

Grade 

of 
concrete 

Fiber 

content 
(%) 

Compressive 

strength (fc) 
(MPa) 

Tensile 

strength 
(ft) (MPa) 

Young’s 

modulus 
(E) (MPa) 

Cracking 
strain 

(cr = ft / E) 

References 

C30 1.5 34.5 3.11 24566 0.000127 
Lee et al. 

2016 

C60 

1.0 57.4 4.02 31781 0.000126 

Kwan and 

Chu 2018 
1.5 58.9 4.43 32185 0.000138 

2.0 61.3 4.8 32833 0.000146 

C150 2.0 150 8.5 45550 0.000187 
Hassan et 

al. 2012 

C250 

1.5 250 6.4 58500 0.000109 

Wille et al. 

2014 
2.0 250 9.0 60290 0.000149 

3.0 250 11.1 58670 0.000189 

 

 

refer as fiber reinforced concrete (Lee et al. 2016) (Kwan 

and Chu 2018) while the C150 and C250 concrete refer as 

ultra-high-performance concrete (Hassan et al. 2012) (Wille 

et al. 2014). Table 1 shows the properties of the fiber 

reinforced concrete obtained from tests. 

To investigate the post-cracking behavior of the concrete 

pile foundation, a key step is to obtain tensile stress-strain 

relations of the fiber reinforced concrete from direct tension 

tests. This paper utilized the direct tension test results for 

the fiber reinforced concrete listed in Table 1 from four 

research groups (Lee et al. 2016) (Kwan and Chu 2018) 

(Hassan et al. 2012) (Wille et al. 2014). The tensile and 

compression stress-strain relations are shown in Fig.4, 

where double-legend approach is used: different colors 

representing different concrete grades and different line 

types representing different fiber contents. This approach 

will be used for all the figures in this paper when the 

concrete grade and fiber content are presented together. As 

an example, the ft, cr, and fc listed in Table 1 are indicated 

as trend lines for the C150 concrete, where ft and cr refer to 

starting point of the nonlinear response in Fig. 4a and fc 

refers to the peak strength point in Fig. 4b. 

Figure 4a shows the uniaxial tensile stress-strain curves 

from the direct tension test results. As the concrete grade 

and the fiber content increase, the tensile strength increases 

and the rate of strength reduction after cracking becomes 

slower. Hardening behavior after cracking is even observed  

 

 

in the C250 concrete. 

Figure 4b shows the uniaxial compression stress-strain 

curves. Experimental stress-strain data were available only 

for the C150 concrete provided in Hassan et al. (2012). The 

empirical constitution model provided in the fib (2008) was 

used for developing the compression stress-strain curves for 

other grades except for the C250 concrete using the fc and E 

values in Table 1. Since concrete with extremely high 

strength exhibits brittle behavior in compression, the stress-

strain curves for the C250 concrete were assumed to be bi-

linear as seen in Fig. 4b. 

The stress-strain curves shown in Fig.4 and the concrete 

properties listed in Table 1 were used to develop the input 

parameters for the concrete damage plasticity model which 

will be discussed in the Section 3.3. 

 

3.2 Design of the pile foundation 
 

The design of pile foundation followed the industry 

practice and the design procedure as discussed in Section 

2.3. This paper used five different inner diameters of the 

pile section (di= 200 mm, 300 mm, 400 mm, 600 mm and 

800 mm) as one of study parameters since the inner 

diameter plays an important role on the pressure demand 

(PD) as mentioned in Section 2.3. 

 

3.3 Analytical model 
 

The analytical model of the pile foundation was built 

using the general-purpose finite element software ABAQUS 

as shown in Fig. 5. A 2D plane strain model was 

constructed to represent a quarter of a whole pile section 

because of symmetry. A relatively fine mesh (~10 mm by 

10 mm) was applied for a precise representation of the 

stress and strain distribution along the radius direction of 

the pile. Symmetry boundary conditions were applied as 

shown in Fig.5. The pressure (Pa) from the compressed air 

was applied at the inner surface with increasing amplitudes 

till the crack penetrated through the entire cross-section, 

after which the leakage of air is expected to occur, similar 

as the pushover analysis used in structural seismic studies 

(Wan et al. 2012, 2015, Zhang et al. 2016). The structural 

loads and soil  constra ins were ignored in  this  

 

Fig. 4 Stress-strain curves of the fiber reinforced concrete: (a) tension; (b) compression 
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Table 2 Plasticity parameters for concrete damaged 

plasticity model (Hafezolghorani et al. 2017) 

Dilation angle,   Eccentricity,  fb0/fc0 K Viscosity, v 

31 degree 0.1 1.16 0.67 0.0001 

 

 

model as discussed in Section 2.1. The insert in Fig. 5 

shows a zoom-in of a strip of elements along the radius 

direction with five of them (E1 to E5) marked out which 

will be used for presenting analytical results in Section 4. 

The variable t in Fig. 3 stands for the thickness of the 

section and can be calculated as t = (do-di)/2. 

The material model of the fiber reinforced concrete are 

the concrete damage plasticity model (ABAQUS 2010). 

The concrete damage plasticity model uses the concepts of 

isotropic damage with tensile cracking and compressive 

crushing failure mechanisms. The input parameters include 

uniaxial tension stiffening and damage model; uniaxial 

compression hardening and damage model; and multi-axial 

plasticity model. The input parameters for uniaxial tension 

and compression models were derived from the stress-strain 

curves in Fig. 4 and the concrete properties listed in Table 1 

following the procedure used in Wahalathantri et al. (2011). 

The multi-axial plasticity model follows the Drucker-Prager 

plasticity (Drucker and Prager 1952). The plasticity 

parameters for the flow potential function and the shape of 

the yield function were obtained from the guidelines 

proposed by Hafezolghorani et al. (2017). Table 2 shows 

the summary of the input plasticity variables, where  is 

dilation angle (in degrees),  is eccentricity, fb0/fc0 is the 

ratio of biaxial compressive stress to uniaxial compressive 

stress, K is the ratio of the second stress invariant on the 

tensile meridian to that on the compressive meridian,  v is 

the viscosity parameter. 

A damage parameter (SDEG) in the concrete damage 

plasticity model was used to represent stiffness degradation 

as the increase of the plastic response. The damage 

parameter varies between 0 and 0.99, where the zero 

representing non-damage state while the 0.99 representing 

fully damage state (1.0 was not used to avoid non- 

 

 

convergence during the simulation). The non-damage state 

is defined as states where both tension and compression 

remain elastic. The fully damage state is defined as a state 

where tension or compression reaches the zero strength. 
 

 

4. Analytical results 
 

4.1 General structural response 
 

The general structural response of the pile foundation is 

discussed in this section using the C30 and fiber content of 

1.5% with di=200mm as an example. The stress and strain 

responses, post-carking behaviors, stress redistributions and 

damages of the concrete are examined and presented. 

Figure 6 shows the contour of the circumferential strain 

() at two different applied pressures (Pa). The grayed area 

in Fig. 6 represents that the  is larger than the cracking 

strain (cr) defined in Table 1. Thus, the depth of the grayed 

area can be used to indicate crack depth (dcr) along the 

radius direction (r) as annotated in Fig.6. Figure 6a shows 

the crack penetrating halfway through the pile section, 

whereas Fig.6b shows the crack penetrating nearly to the 

entire pile section. As noticed in Fig. 6, the distribution of 

the  along the circumferential direction () is uniform. 

Therefore, the rest of paper will only present results for one 

strip of the elements along r direction at =0. 

Figure 7 shows the circumferential stress () and strain 

() vs. applied pressure (Pa) for the five representing 

element along the r direction (refer to Fig. 5). The tensile 

strength (ft) and cracking strain (cr) are indicated as 

horizontal trend lines in Fig.7a and 7b respectively.  

As seen in Fig. 7a, the circumferential stress increases as 

the increase of the applied pressure till a point where the 

concrete cracks and exhibits post-cracking strength 

degrading behavior. This point is corresponding to  = cr 

and can be defined as a cracking point as shown in Fig. 7b. 

The element closest to the inner surface (E1) first reaches 

the cracking point, and then the  of E1 starts to decrease. 

Due to stress redistribution, other elements along the r  

 

Fig. 5 2D plane strain model for the pile section 
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direction gradually reach the cracking point in sequence as 

Pa increases. At the end of loading, the  in all the elements 

exceeds the ɛcr (see Fig. 7b), which indicating the fully 

penetration of the crack through the pile section. Severer 

strength degradation is observed for the elements closer to 

the inner surface. As noticed in Fig.7a, the circumferential 

stress in all the elements starts to decrease before reaching 

the tensile strength. This behavior is caused by combined 

effects from tension in the  direction and compression in 

the r direction, which will be discussed further in Fig. 8. 

Figure 8 shows the stress-strain responses of the five 

representing elements in the circumferential direction 

( vs. ) and the radius direction (r vs. r). The uniaxial 

backbone responses from Fig.4a for tension and Fig.4b for 

compression are indicated as dashed lines in Fig.8a and 8b 

respectively. As seen in Fig. 8a, the combined tension () 

and compression (r) stress causes reduction of tensile 

strength and a more rapid strength degradation after 

cracking in the circumferential direction comparing to the 

uniaxial response. On the other hand, in the radius direction 

as shown in Fig.8b, significant compression strength and 

stiffness reduction is observed because the concrete was 

loaded against  i ts  tensi le  strength l imit  in the 

circumferential direction. The element closer to the inner 

surface shows higher strength reduction in both tension and 

compression in consistent with the findings in Fig.7a. 

Figure 9 shows the circumferential stress and strain 

distribution along the radius direction (r) under different  

 

 

applied pressure (Pa). The tensile strength (ft) and cracking 

strain (cr) are indicated as horizontal trend lines in Fig.9a 

and 9b respectively. As seen in Fig. 9a, when the Pa is low 

(2.5 MPa), the pile section remains elastic. The  reaches 

highest value at the inner surface and nonlinearly reduces as 

the increase of r, which is consistent with the results in 

Zhang et al. (2018). As the Pa increases, the pile section 

starts to exhibit strength degradation behavior from the 

inner surface gradually penetrating into the outer surface. 

The strength degradation causes stress redistribution along 

the radius direction. Eventually it reaches a state (Pa=10.1 

MPa) where outer surface has the highest stress and 

gradually reduces as moving to the inner surface. This 

distribution is directly opposite to the one observed in the 

elastic state. On the other hand, as shown in Fig. 9b, the  

remains the similar distribution along the r direction. The 

horizontal coordinate at the intersection between  and cr 

for different curves in Fig. 9b represents the crack depth 

(dcr) at different Pa. 

Figure 10 shows the crack depth (dcr) with the increase 

of the applied pressure (Pa). The absolute values are shown 

in Fig.10a. The normalized values are shown in Fig.10b, 

where the dcr is normalized by the thickness (t) of pile 

section and the Pa is normalized by the tensile strength (ft). 

The crack penetration increases with the increase of Pa. The 

penetration speed initially is slow and becomes faster as the 

Pa increases. When dcr is large than 200mm (50% 

penetration), a small amount increase of the Pa leads to a 

 
Fig. 6 Circumferential strain contour at: (a) Pa=9.1 MPa; (b) Pa=10 MPa 

 

 

Fig. 7 Circumferential response vs. applied pressure for the five representing elements: (a) stress; (b) strain 
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significant crack penetration. This increasing penetration 

speed is probably because: as the crack penetrates through 

the section, the available elastic concrete section becomes 

thinner. As such, the pile section changes from a relatively 

thick-walled section to a relatively thin-walled section, 

where the thin-walled section has much higher but more 

uniform distributed circumferential stress than that of the 

thick-walled section as observed in Section 4.3 and Zhang 

et al. (2018). This relatively high and uniformly distributed 

stress demand makes the crack penetration faster. As also 

noticed in Fig. 10, the crack starts before the Pa reaches the 

ft due to the strength reduction under the combined tension 

and compression response (Kupfer, BH. and Gerstle 1973). 

Figure 11 shows the damage parameter (SDEG) for: (a) 

the five representing elements with the increase of Pa and 

(b) the distribution along the r direction at different Pa. As 

expected, the element (E1) closest to the inner surface 

exhibits largest damage response up to SDEG=0.72 as 

observed in Fig. 11a. As seen in Fig. 11b, the damage of the 

concrete mainly occurs within the first half of the section 

thickness (100 mm < r < 300 mm) because the crack 

penetration becomes fast as it closes to the outer surface and 

the concrete has no time to develop plastic responses. 

 

 

4.2 Parametric results 
 

This section discusses the effect of three parameters, 

including the inner diameter of the pile (di), the concrete 

grade, and the fiber content, on the response of the fiber 

reinforced concrete under the applied pressure (Pa). The 

results for different di are shown in this section with a fixed 

concrete grade of C30 and fiber content of 1.5%. The 

results shown for different concrete grades and fiber 

contents are shown in this section with a fixed di=200mm. 

Figure 12 shows the circumferential stress () vs. 

applied pressure (Pa) for the element closest to the inner 

surface (E1) and the element closest to the outer surface 

(E5) with different inner diameters of the pile (di). As seen 

in Fig. 12, the Pa decreases as the increase of the di. Given 

the fact that the Pa was continuously increasing till the full 

cracking of the section, a much smaller pressure is expected 

to achieve the full section crack for a larger di. As the di 

increases (see Fig.12a), less strength degradation is 

observed in the element closest to the inner surface (E1). 

This behavior is because as the section becomes thinner, the 

element closest to the outer surface (E5) quickly reaches the 

cracking point (see Fig. 12b) and there is no enough time to  

 
Fig. 8 Stress-strain responses for the five representing elements: (a)  vs. ; (b) r vs. r 

 

 

Fig. 9 Circumferential response distribution along the radius direction: (a) stress; (b) strain 
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develop post-cracking plastic responses inside the concrete 

section.  

Figure 13 shows the circumferential stress () 

distribution along the r direction for the different di at two 

different states: (a) elastic when dcr=0 and (b) post-cracking 

state when dcr=t/2. As seen in Fig. 13a, the elastic stress 

distribution is non-uniform when di=200 mm. As di 

increases, a more uniform stress distribution is observed 

especially for the di=800 mm case. At plastic state as shown 

in Fig. 13b, the smaller di cases exhibit much more plastic 

stress redistribution than the cases of larger d i. 

Figure 14 shows the normalized crack depth (dcr/t) vs. 

normalized pressure (Pa/ft) and concrete damage parameter  

 

 

(SDEG) vs. Pa for different di cases. As seen in Fig. 14a, as 

the di increases, the crack penetration speed increases 

rapidly. Especially for the di=800mm case, the pressures for 

the initial and fully cracking are almost the same. This rapid 

crack penetration is due to the relatively uniform stress 

distribution for the thinner sections as shown in Fig. 13a, 

where the entire section reaches the cracking strain almost 

at the same time so that there is no time to develop the post-

cracking plastic response. Thus, in turn, less concrete 

damage is observed in the cases of larger inner diameters as 

shown in Fig. 14b. 

Figure 15 shows the circumferential stress () of the 

element closest to the inner surface (E1) for different  

 
Fig. 10 Crack depth vs. applied pressure: (a) absolute values; (b) normalized values 

 
Fig. 11 Damage parameter vs.: (a) applied pressure; (b) radius 

 
Fig. 12 Circumferential stress vs. applied pressure for different di for Element: (a) E1; (b) E5 
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concrete grades and fiber contents. As seen Fig. 15a, in 
general as the concrete grade and fiber content increase, the 
applied pressure (Pa) increases. This trend means that the 
required pressure for fully penetrating the entire section 
increases with the increase of the concrete grade and the 
fiber content. This behavior is consistent with the fact that 
as the concrete grade and the fiber content increase, the 
tensile strength (ft) increases (refer to Fig.4a). The effect of 
the concrete grade is larger than that of the fiber content. As 
seen in Fig. 15b, higher concrete grade and fiber content 
have a less plastic strength degradation after cracking 
because a more ductile post-crack response is expected 
(refer to Fig. 4a). For C250 grade concrete, slight strain- 
softening behavior is seen in Fig. 15b rather than the 

 

 
hardening behavior observed in Fig.4a. This softening 

behavior is probably due to the combined tension and 

compression effect.  

Figure 16 shows the crack depth (dcr) and the damage 

parameter (SDEG) of E1 vs. the applied pressure (Pa) for 

different concrete grades and fiber contents. As seen in Fig. 

16a, the crack penetration is faster for the lower grade 

concrete (C30 and C60) but much slower for higher grade 

concrete (C150 and C250). Thus, higher applied pressure is 

expected in the higher grade concrete at a given crack 

depth. As seen in Fig. 16b, larger plastic damage is 

observed in the lower grade concrete, which is consistent 

with the results shown in Fig. 15b. 

 
Fig. 13 Circumferential stress vs. r for different di at: (a) elastic state; (b) post-cracking state 

 
Fig. 14 Applied pressure for different di vs.: (a) normalized dcr; (b) SDEG 

 

Fig. 15 Circumferential stress of E1 for different concrete grades and fiber contents vs. (a) applied pressure; (b) 

circumferential strain 
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4.3 Design recommedations 
 

To quantify the capacity of the fiber reinforced concrete 

pile section at a given crack width for different cases 

considered in this paper, a new variable (Pall, x%) can be 

defined as the allowable pressure at x% of crack penetration 

level, where x can be calculated as 100dcr/t. The procedure 

to determine this new variable is illustrated in Fig.16a. As 

an example of determining Pall,50% for C150 concrete, 2% 

fiber content and di=200mm, a horizontal trend line was 

first drawn at dcr=200mm (x=100dcr/t=50). The intersection 

between this horizontal trend line and the C150, 2% fiber 

content curve was then identified. A vertical trend line was 

plotted from the intersection to the X-axis to determine the  

 

 

value of Pall,50% as 26.5 MPa. 

The allowable pressure at different crack penetration 

levels were compared to the pressure demand (PD) in Fig. 3 

of Section 2.3 by introducing a factor of safety (F.O.S). 

Only maximum pressure demand among the different 

column spaces and number of stories was considered since 

the variation over these two parameters is not significant 

(Refer to Fig.3). The factor of safety can then be calculated 

as Pall, x% / PD,max, where PD,max is maximum pressure 

demand for different inner diameters of the pile section. 

Figure 17 shows the F.O.S vs. di at different crack 

penetration levels for (a) C30 with 1.5% fiber content; (b) 

C60 with 1.5% fiber content; (c) C150 with 2% fiber 

content; and (d) C250 with 2% fiber content. The crack 

 
Fig. 16 Applied pressure for different concrete grades and fiber contents vs.: (a) dcr; (b) SDEG 

 
Fig. 17 Factor of safety at different crack penetration levels: (a) C30; (b) C60; (c) C150; (d) C250 
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penetration level presented in Fig. 17 is limited as 50% 

since crack will quickly penetrate through the entire section 

afterwards which is not suitable as design targets as 

discussed in Section 4.1. 

As seen in Fig. 17, the F.O.S at a given crack 

penetration level increases with the increase of the concrete 

grade. For the ultra high performance concrete (C150 and 

C250), it is even possible to have a crack free design 

(elastic design) when the F.O.S of Pall, 0% is large than 1.0. 

As seen in Fig. 17, for small inner diameter cases (thick-

walled section), the F.O.S increases significantly as the 

increase of the crack penetration level. However, for large 

inner diameter cases (thin-walled section), the F.O.S nearly 

remains unchanged as the increase of the crack penetration 

level. Thus, an inelastic design option, where partial 

cracking is allowed, is more suitable for the small inner 

diameter cases. The large inner diameter (di>600 mm) is not 

recommended for the inelastic design option. 

Figure 18 presents two design charts to identify the 

factor of safety for the energy storage pile foundation with 

the fiber reinforced concrete. The 1st one shown in Fig.18a 

is for the elastic design (crack free design), where the F.O.S 

is corresponding to the Pall, 0%. The 2nd chart shown in 

Fig.18b is for the inelastic design (crack is allowed but up 

to 50% of crack penetration level), where the F.O.S is 

corresponding to the Pall, 50%. In generally, higher grade of 

concrete and fiber content can provide larger F.O.S for both 

elastic and inelastic design. For the elastic design, the inner 

diameter ranged from 400 mm to 600 mm can provide 

higher F.O.S. For the inelastic design, the small inner 

diameter (di<400 mm) can generally provide higher F.O.S. 

 

 

5. Conclusions 
 

This paper investigates the nonlinear structural response 

of the fiber reinforced concrete pile foundation subjected to 

pressure from the compressed air. The nonlinear finite 

element simulations were conducted using 2D plane strain 

model with the concrete damage plasticity. The following 

conclusions can be drawn for the general structural response 

with the increase of the applied pressure till the full 

cracking of the entire pile section: 

 

 

(1) As applied pressure increases, the pile section 

gradually reaches the cracking point and exhibits post-

cracking strength degradation behavior in a sequence from 

the inner surface to the outer surface. 

(2) The uniaxial strength of the concrete cannot be 

reached due to the combined tension (in the circumferential 

direction) and compression (in the radius direction) stresses. 

This strength reduction is more significant for compression 

since the pile section was loaded against its tension limit. 

The combined stresses result in more rapid strength 

degradation after cracking comparing to the uniaxial 

tension. 

(4) The circumferential stress is redistributed after the 

concrete gradually enters the post-cracking response from 

the inner to outer surface. When the entire section reaches 

the cracking point, the stress distribution is directly opposite 

to the one in the elastic response. 

(5) The crack penetrates from the inner to outer surface 

as the increase of the applied pressure. The penetration 

speed is initially slow but increases due to the reduction of 

available elastic section. The penetration speed increases 

significantly when the crack develops more than 50% of the 

section thickness, 

(6) The concrete near the inner surface exhibits severer 

plastic damages than that near the outer surface, where the 

post-cracking plastic response has no time to be developed 

due to the fast crack penetration. 

Several parameters were considered in the study 

including the concrete grade, the fiber content and the inner 

diameter of the pile. The following conclusions can be 

drawn for the effects of these parameters on the structural 

response of the fiber reinforced concrete pile: 

(1) As the inner diameter increases: the pile section 

resists less applied pressure before the crack fully penetrates 

the entire section; the circumferential stress redistribution 

becomes insignificant; the crack penetration speed 

significantly increases since large inner diameter results in a 

more uniform stress distribution along the radius direction, 

where the entire pile section can reach the cracking point 

nearly at the same time; less plastic damages are observed 

in the concrete section due to the faster crack penetration. 

(2) As the concrete grade and the fiber content increase: 

the pile section can resist more applied pressure before the 

 

Fig. 18 Design charts for the energy storage pile foundation: (a) elastic design; (b) inelastic design 
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crack fully penetrates the entire section; the crack 

penetration speed decreases, which results in a higher 

allowable applied pressure at a given crack depth; less 

plastic damage is observed due to a more ductile post-

cracking behavior. 

The allowable pressure at a given crack penetration 

level was calculated and compared to the pressure demand 

for typical buildings. Elastic and inelastic design charts to 

identify the factor of safety were developed in Fig.18 for all 

the concrete grades, the fiber contents, and the inner 

diameters of the pile section studied in this paper. The 

following design recommendations can be made: 

(1) The inelastic design target is recommended to be set 

as crack penetration level less than 50% to avoid possible 

full section cracking and air leakage. 

(2) The large inner diameter (di>600 mm) of the pile 

section is not recommended. 

(3) The inner diameter ranged from 400mm to 600mm is 

recommended for the elastic (crack free) option for the 

ultra-high-performance concrete (C150 or C250). 

(4) The small inner diameter (di<400 mm) is 

recommended for the inelastic design option, which can be 

used in both high grade and low concrete grade (e.g. C60) 

concrete. 
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Notations 
 

C = adiabatic constant; 

dcr = crack depth on the pile section; 

di = inner diameter of the pile section; 

do = outer diameter of the pile section; 

E = Young’s modulus of the concrete; 

fb0/fc0 = ratio of biaxial compressive to uniaxial 

compressive strength; 

fc,,t = concrete compression, tension strength; 

K = ratio of the 2nd stress invariant on the tensile 

meridian to that on the compressive meridian; 

Pa = applied inner air pressure; 

Pall,x% = allowable pressure at x% of crack penetration; 

PD = pressure demand from thermodynamic cycles; 

PD,max = maximum pressure demand for different inner 

diameters of the pile section; 

R = universal gas constant; 

r = radius direction of the pile section; 

ri = inner radius of the pile section; 

r0 = outer radius of the pile section; 

SDEG = damage parameter from concrete damage plasticity 

model; 

T1 = ambient air temperature; 

t = thickness of the pile section; 

tin = time for compressing air; 

Vs = available volume for storage; 

     𝑤𝑖𝑛̇  = available energy for storage; 

 = eccentricity; 

cr = cracking strain; 

r = radial strain in the pile section; 

 = circumferential strain in the pile section; 

 = dilation angle (in degrees); 

 = efficiency for compressing air; 

v = viscosity parameter; 

 = molar mass of the air; 

 = circumferential direction; 

 = initial density of the air; 

 = circumferential stress in the pile section; 

r = radial stress in the pile section; 

v = vertical stress in the pile section. 
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