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Abstract:  Currently, there is no research and few valid experiments, regarding the study of pile-caps. And 
shear failure mechanism of a pile, exterior column and foundation beam and pile-caps in RC structure is not 
resolved yet under bi-lateral loading. In this study, in order to examine the seismic performance of the partial 
frame of cast-in-place reinforced concrete piles, structural experiments were conducted under variable and 
constant axial loads. Therefore, a performance evaluation method based on mechanical grounds for pile-
caps has not been established.
As a result, the fracture properties differed depending on the loading direction under the variable axial force, 
and the maximum yield strength was reached at the story drift angle R=1.0 % under the high axial force, 
and the yield strength was low under the tensile axial force. Regarding the critical section on the pile cap in 
the "Strength and Deformation Capacity of foundation Structural Members" by Architectural Institute of 
Japan, it was confirmed that there was a difference depending on the loading direction and the magnitude 
of the axial force.
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1. Introduction 
After the South Hyogo prefecture Earthquake in 1995, the 2011 Tohoku Earthquake, and the 2016 
Kumamoto Earthquake, the pile foundations with structural damage were confirmed, and there were many 
cases in which the continued use of buildings was abandoned and demolished after the earthquake. In the 
superstructures of buildings, a design method has already been established that assumes several levels of 
seismic ground motion levels and is shifting to performance design. On the other hand, the secondary 
design is not obligatory for foundation structures that are often used in general buildings of 60m or less. In 
addition, there is no unified design method, and many parts are left to the design engineer. In 2022, the 
Architectural Institute of Japan published the “Strength and Deformation Capacity of Foundation Structural 
Members”[1], which indicated one policy for the design of pile caps. The items described in the section on 
pile caps of cast-in-place concrete piles are not supported by experiments, and many aspects of pile cap 
failure properties remain unclear. It has been pointed out that many experiments are necessary to examine 
the accuracy of the design formula and clarify the problems. 

The purpose of this study was to examine the validity of the design formula specified in the guideline and to 
examine the differences in failure properties of cast-in-place concrete pile caps.

2. Outline of Test

2.1 Specimens
A configuration of specimens, section dimensions and reinforcement details are shown in Figure 1. There 
are three specimens. About 1/3 scale reinforced concrete pile caps assembled a pile, an exterior column 
and a foundation beam, those specimens modelled actual middle-high buildings, were tested. The test 
specimen was designed assuming the lower part of the side column of a three-story reinforced concrete 
school building. Specific properties of specimens are summarized in Table 1. Material characteristics of 
concrete and steel are listed in Table 2, respectively. The concrete strengths of columns, foundation beams, 
pile caps and piles are different in order to clearly realize the set failure properties. There was no effect on 
the experimental results due to different concrete strengths.

The length from the center of the column to the loading point on a beam end was 1500mm. The height from 
the center of the beam to the supporting point on the top of the column or to the bottom support was 1200mm 
and 1275mm, respectively. The shear span ratio was 1.85 for the foundation beam, 4.71 for the column and 
3.52 for the pile, respectively. A cast-in-place concrete pile with a pile diameter of 400mm was used. The 



upper and lower reinforcements are arranged in the pile cap. The projected anchorage length of the main 
bar of the foundation beam was 3/4 of the column height for the top bar and 3/4 of the pile cap height for 
the bottom bar, respectively. Furthermore, the extra length was 140mm for specimen E-1, ER-1 and 170mm 
for specimen E-2. The partial frame was assumed to have the same moment distribution as the beam 
column joint of the superstructure (see Figure 2). The span lengths of the foundation beam and column 
were set with reference to the building trial designed in Reference 2. 

Table 1. Properties of Specimens Details.

In specimens E-1 and ER-1, the axial force of the column was varied in proportion to the story shear force 
within the axial force ratio range of 0 to 0.2 (see Fig. 3(b)). In test specimen E-1, the relationship between 
story shear force and column axial force was reversed from that of a normal building during an earthquake 
due to an operational error in the experiment (see Fig. 3(b-1)). At the beginning of the experiment (point a), 
an axial force ratio (N/bDfc, N:axial force, b:column width, D:column depth, fc: compressive strength of 
concrete )of 0.163, which corresponds to the long-term axial force, was applied. The maximum compressive 
axial force was applied when the pile cap ultimate shear strength[3] was half the calculated value (point b), 
and the maximum tensile axial force was applied when the pile cap bending strength[1] was half the 
calculated value (point c). Based on the above, the specimen E-1 was designed so that pile cap shear failure 
occurred under positive force and pile cap flexural failure occurred under negative force. Specimen E-2 was 
designed so that the axial force ratio of the column was fixed at 0.163, and the pile cap was subjected to 

Specimen E-1 ER-1 E-2

Assumed failure mode

（pile cap）

（positive load）
shear failure

（negative load）
flexural failure

flexural failure flexural failure

Column

𝐵𝑐 × 𝐷𝑐 300×300

Main bar 10-D13(SD390) 10-D16（SD390）

Hoop D6(SD785)@50,
pcw=0.42%

U7.1(PBSD1275)@50, 
pcw=0.53%

D6(SD785)@50, 
pcw=0.42%

Reinforcement 
bar in pile cap D6(SD490)@100 U7.1(PBSD1275)@50 D6(SD490)@100

Axial load ration 0～0.2 0～0.2 0.163

Wing Wall

𝐵𝑤 × 𝐷𝑤 150×450

Main bar Confined area:4-D13(SD390)
out of bounds :8-D10(SD390)

Reinforcement 

bar
D10 @50 (SD490)

Foundation 

beam

𝐵𝑏 × 𝐷𝑏 300×850

Main bar Upper:3-D16(SD685)
Lower:4-D16(SD685)

Upper:4-D19(SD490)
Lower:4-D16(SD685)

Upper:3-D19(SD685)
Lower:4-D19(SD685)

Stirrup U9.0(PBSD1275)@50, pbw=0.45%

pile

Diameter Φ400 

Main bar 12-D19(SD390) 10-D19（SD390）
Shear 

Reinforcement U9.0(PBSD1275)@50, pilepw=0.72%

Pile cap

Width×Depth×High 530×530×800
Upper 

reinforcement 12-D16(SD295A) 12-U7.1(PBSD1275) 8-D6（SD295A）

Lower 
reinforcement 22-D6(SD295A) 22-U7.1(PBSD1275) 22-D6(SD295A)

Midlle
Reinforcement

D6(SD295A)@100
pcpw=0.12%

U7.1(PBSD1275)@50
pcpw=0.30%

80
0

530

80
0

530

pile cap Bar 
arrangement 
in E-1

pile cap Bar 
arrangement 
in E-2



flexural failure. Specimen ER-1 was designed to have pile cap flexural failure, and the amount of shear 
reinforcement in the pile cap was increased compared to Specimen E-1. Here, the flexural failure of pile 
caps refers to the failure properties in terms of flexural strength described in ''9 Pile caps of cast-in-place 
concrete piles'' in Reference 1. In addition, in order to prevent the column base from bending and crushing, 
the columns of specimens E-1 and E-2 were wrapped with steel plates, and the columns of specimen ER-
1 were equipped with wing wall. The axial force ratio of 0.163 was set from the maximum compressive load 
of the design support reaction force of the trial-designed building. The axial force of the pile was set as the 
axial force acting on the column.

Specimen Used component 𝜎𝐵
[N/mm2]

𝜀𝐵
[×10-6]

𝐸𝑐(×104)
[N/mm2]

𝜎𝑡
[N/mm2]

E-1

Pile 44.1 2396 2.82 4.4
Foundation beam 29.1 2184 2.27 3.6Pile cap

Column 73.2 3041 3.37 5.6

ER-1

Pile 43.7 2373 2.73 3.0
Foundation beam 48.6 2579 2.93 3.3Pile cap

Column 83.5 2963 3.56 3.9Wing wall

E-2

Pile 47.4 2561 2.82 4.4
Foundation beam 42.6 2431 2.72 3.6Pile cap

Column 76.4 3053 3.47 6.5
𝜎𝐵:Compressive strength,𝜀𝐵:Strain at compressive strength, 𝐸𝑐 :Modulus of elasticity，
𝜎𝑡 :Tensile splitting strength

Reinforcing 
bar type

Used component 𝑓𝑦
[N/mm2]

𝜀𝑦
[×10-6]

𝜀𝑒
[×10-6]

𝜎𝑢
[N/mm2]E-1 E-2

D6
(SD295A)

Pile cap
（upper, lower and middle 

bars[only specimen E-1]）
364＊ 4086 2086 484

D6
(KSS785-S6) Column(reinforcing bar) 914＊ 6927 4927 1152

D13 (SD390) Column
(main bar) 409 2299 － 528

D16（SD390） Column
(main bar) 417 2199 － 589

D16
(KSS685-S6)

Beam
(main bar) 743 4107 － 893

D19 (SD390) Pile(main bar) 429 2409 － 601
D19

(SD685)
Beam

(main bar) 682 3984 － 828
U7.1

(SBPD1275)*
Pile cap(middle 

reinforcing) 1376 9030 7030 1396
U9.0

(SBPD1275)*
Pile・Beam(reinforcing 

bar) 1300 8857 6857 1393
Reinforcing 

bar type
Used component 𝑓𝑦

[N/mm2]
𝜀𝑦

[×10-6]
𝜀𝑒

[×10-6]
𝜎𝑢

[N/mm2]ER-1
D10 (SD390) Wing Wall(main bar out of 

bounds, reinforcement bar) 424 2448 － 611

D13 (SD390) Column(main bar)
Wing Wall(reinforcing bar) 410 2267 － 588

D16(SD685) Beam(lower main bar) 740 3649 － 942
D19(SD685) Pile(main bar) 427 2601 － 600
D22(SD490) Beam(upper main bar) 550 3044 － 706

U7.1
(SBPD1275)*

Pile cap(upper, lower and 
middle bars), 

Column(reinforcing bar)
1275 8730 6730 1325

U9.0
(PBSD1275)*

Pile・
Beam(reinforcing bar) 1231 8804 6804 1330

𝑓𝑦 :Yield stress, 𝜀𝑦 :Yield strain, 𝜀𝑒 : Elastic limit strain, 𝜎𝑢 : Tensile strength,
*:Yield stress and strain were determined by 0.2% offset method.

Table 2. Material properties.
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Figure 1. Details of Specimens.

Figure 2. Loading apparatus.

Figure 3. Variable axial load history and deformation measurement method.
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2.2 Loading Apparatus and Instrumentation
A loading apparatus is shown in Figure 2. The foundation beam end was supported by horizontal roller, 
while the bottom of pile was supported by a universal joint. The reversed cyclic horizontal load and the 
constant axial load in compression were applied at the top of the column through a tri-directional joint by 
three oil jacks. The crank attached to the column head prevented an out-of-plane overturn for specimen. All 
specimens were controlled by a story drift angle for one loading cycle of 0.25%, two cycle of 0.5%, 1%, 2%, 
one cycle of 3% respectively, and two cycle of 4%. The story drift angle was defined as a story drift divided 
by height of the column and pile; 2475mm. Lateral force, column axial load and foundation beam shear 
forces were measured by load-cells. 

3. Test results
3.1  Story Shear – Story Drift Angle Relationship
Relationships between the story shear force and the story drift angle are shown in Figure 4. The story shear 
force was obtained from moment equilibrium between measured beam shear forces and the horizontal force 
at a loading point on the top of the column. Crack behavior was confirmed at the peak of each cycle. When 
the specimen E-1 was loaded on the positive side, the maximum strength was reached 199.4kN at R=1.0% 
after the yield of the main bar of the foundation beam, and then the strength decreased. In the negative 
loading, the maximum strength was reached 80.5kN at R=-1.20% in the R=-2.0% cycle. Pile cap shear 
crack occurred at R=±1.0%. The yield of the pile cap middle reinforcement strain was confirmed before the 
maximum strength at R 1.0% on the positive side, but it was confirmed at R=-2.0% on the negative side at 
R=-3.0% cycle. The middle reinforcement reached their elastic limit strain when R=-1.0%. The main bar 
strain of the column did not yield on the positive side, but yielded on the negative side at R=-0.275%. The 
maximum strength on the positive side was larger than that on the negative side, and a sharp strength 
deterioration was observed after R=1.63%. On the negative side, the strength deterioration was small. 

In specimen E-2, the foundation beam main bar yielded before reaching the maximum strength for both 
positive and negative loads, and the maximum strength was reached at R=2.0% on the positive side and at 
R=-1.25% on the negative side, respectively. On the positive side, the pile bar yielded at R=1.6%, and the 
column bar yielded at R=2.0% in the second cycle after the maximum strength. On the negative side, the 
foundation beam main bar and the upper reinforcement yielded at R=-0.8% in the R=-2.0% cycle, and the 
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Figure 4. Story shear – story drift angle relationships.
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column main bar yielded at R=-1.0%. Pile cap shear cracks occurred at R=0.5% and R=-2.0%, respectively. 
The maximum strength on the positive side was 1.32 times larger than that on the negative side, and the 
strength decreased by 30% after the maximum strength. On the negative side, the strength gradually 
decreased from the maximum strength to R=-2.0%, but decreased sharply by 27% at R=-3.0%. 

In positive loading of specimen ER-1, the main bar of the pile yielded at R=0.9%, the bottom bar of the 
foundation beam yielded at R=1.2%, and the maximum strength reached 230.5kN at R=1.9%. The column 
bar yielded at R=1.5% of the second cycle with R=+2.0%. Under the negative loading, the top bar of the 
foundation beam yielded at R=-1.3%, and the reinforcement at the wing wall yielded at R=-1.6%. After that, 
the wing reinforcing bar yielded at R=-2.5% and reached the maximum strength of 374.3kN at R=-2.9%. 
The strength deterioration after the maximum strength was smaller on the negative side. In the pile cap, the 
upper, middle and lower reinforcements did not yield.

3.2 Crack Patterns
Crack patterns at the maximum strength of the three specimens are shown in Photo.1. In specimen E-1, 
bending cracks occurred at the pile cap face position at the critical section of the foundation beam when R= 
±0.125%. Bending cracks occurred at the position of the pile cap face at the critical section of the pile at 
R=1.0% on the positive side and at R=-0.5% on the negative side. Shear cracks occurred in the pile cap at 
R=±1.0%. However, the locations of shear cracks differed between the positive and negative loading. On 
the positive loading, shear cracks occurred in the diagonal direction of the pile cap, but on the negative 
loading, they occurred on the top of the pile cap. After the maximum strength, the crack at the pile cap face 
position spread at the critical section of the foundation beam, and the pile cap concrete at the front of the 
pile at the bottom of the foundation beam collapsed. In addition, the cracks on the bottom of the pile cap on 
the positive side became larger after the maximum strength, and after that the damage was concentrated 
in the same places. On the negative loading, the concrete collapse due to bending was observed at the 
base of the column. 
In specimen E-2, bending cracks occurred at the critical sections of the foundation beam and pile cap at 
R=±0.13%. Bending cracks occurred at the position of pile cap face at the critical section of pile when 
R=±1.0%. Bending cracks occurred at R=-0.13%, and shear cracks occurred at R=1.0% and R=-2.0% in 
the pile cap. At R=0.5%, cracks like splitting cracks occurred on the foundation beam side of the bottom of 
the pile cap. After the maximum strength was reached, the cracks at the pile cap face position spread at the 
critical section of the foundation beam, and the foundation beam was pulled out. After the maximum strength 
was reached, the concrete collapsed due to bending at the column base on the negative side.

In specimen ER-1, bending cracks occurred in the pile after bending cracks occurred at the critical section 
of the foundation beam. Shear cracks occurred in the pile cap at R=2.0% and -3.0%, which is the maximum 
strength. It was found that the occurrence of cracks differs between positive and negative loadings. On the 
positive loading, the cracks generated from the top were short and did not enter the pile cap in the diagonal 
direction. On the other hand, on the negative loading, the cracks occurred in the diagonal direction of the 
pile cap. Both are considered to be due to the influence of the axial force. In positive loading, the cracks 
that started from the bottom of the pile cap expanded and extended upward.

(a) E-1                                                  (b) E-2                                                   (c)  ER-1
Photo 1. Crack patterns at maximum strength.



3.3 Story Drift Contribution
The contribution of deformation of a foundation beam, a column, a pile-cap and a pile to the story drift was 
calculated and shown in Figure 5. Deformation of foundation beams, columns and piles is measured relative 
to the pile cap as shown in Figure 3(a), including additional rotation due to crack opening. The deformation 
of the pile cap was calculated by subtracting the deformation of the foundation beams, columns and piles 
from the total deformation. The specimens E-1 and E-2 are described here. The differences in deformation 
components were observed in both specimens depending on the direction of loadings. In specimen E-1, the 
deformation component of the foundation beam was large on the positive loading, and the deformation of 
the pile cap increased as the story drift angle increased. On the negative loading, the deformation of the 
columns was large due to the effect of no axial force, and the deformation of the foundation beams increased 
as the story drift angle increased. On the other hand, the pile cap was hardly deformed. In specimen E-2, 
when the story drift angle was small on the positive side, the deformation of the pile cap was large, but 
gradually decreased, and the deformation of the foundation beam gradually increased. A similar tendency 
was observed on the negative loading, but it can be seen that the deformation of the column is large, and 
the deformation of the pile is small.

3.4 Strain Distribution
3.4.1 Foundation Beam Bars

Strain distributions along a foundation beam upper and bottom longitudinal bars at tension 
loading are shown in Figure 6. As shown in Fig. 6(b), when the upper main bar was in tension, 
the strain at the column face position was large at R=0.125%, but after that, the strain at the 
pile cap position gradually increased. Since the strain at the pile cap surface is always large in 
the bottom main reinforcement, the critical section is considered to be the pile cap surface in 
the case of both loadings.

3.4.2 Column Bars

Strain distributions along the column bars at tension loading are shown in Figure 7. On the 
side where the foundation beam is attached (Cc), the tensile strain on the top surface of the 
foundation beam was the largest on the negative loading. On the positive side of the back side 
(Cg), the strain on the upper surface of the foundation beam was the largest, but the strain 
value was smaller than that on the reinforcing bar on the foundation beam side. It was found 
that the foundation beam side and the back side showed different tendencies. The critical 
section of the column is considered to be the upper surface position of the foundation beam.

3.4.3 Pile Bars
Strain distributions along the pile bars at both loadings are shown in Figure 8. During positive 
loading, the side with the foundation beam is in tension. In specimen E-1, the strain value 
increased from when R=0.5%, and the value at the position of the main bars of the foundation 
beam was the largest. In specimen ER-1, the strain at the top surface of the pile increased at 
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R=0.25%. In both specimens under negative loading, the strain was smaller than the value on 
the positive side, about half, and the strain on the top surface of the pile was the largest. It was 
found that the strain distribution tends to be different between the foundation beam side and 
the back side. In addition, the position of the critical section of the pile and pile cap was the 
position of the upper surface of the pile in specimen E-1, and the position of the main 
reinforcing bar at the bottom of the foundation beam in specimen ER-1.

4. Discussion
The critical section in the pile cap mentioned in reference 1) is shown in the Figure 9. In the reference, the 
closing side corresponds to the negative loading in this experiment, and the opening side corresponds to 
the positive loading. The blue line in the figure indicates the critical section on the closing side proposed in 
the guideline, and the green line indicates the opening side. The red line in the figure indicates the crack on 
the negative loading during the experiment, and the black line indicates the crack on the positive loading. 
In specimen E-1, the consistency between the hypothesized critical section and the experiment was not 
good for both the opening and closing sides. Especially on the closing side, due to the effect of no axial 
force in the experiment, as shown in (a), the red crack including the circled crack entered above the pile 
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Figure 6. Strain distributions along beam longitudinal bars in pile cap.

Figure 7. Strain distributions along column longitudinal bars in pile cap.

Figure 8. Strain distributions along pile longitudinal bars in pile cap.
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cap, and the angle to the horizontal was smaller than that of the blue line. In specimen ER-1, the 
correspondence between the negative loading and the positive loading was better. In other words, the 
consistency with the critical section on the closing side was good. In specimen E-2, the correspondence 
between the test results and the hypothesized blue and green lines was good. However, in the three 
specimens, the proposed critical section AC line on the opening side was not observed in the experiment. 
The AC line ((a) in the figure) is a critical section that occurs when point A tries to open with point C as the 
fulcrum when the foundation beam and pile open. Based on the above results, it is possible that the position 
of the critical section differs depending on the value of the axial force. When the axial force is small, cracks 
are concentrated on the top of the pile cap both when it is opened and when it is closed. It is assumed that 
the critical section occurs in the upper part.

5. Conclusions
The following conclusions can be drawn from the present study:  

(1)     It was confirmed that reinforcing bars and upper reinforcing bars are effective in suppressing 
crack propagation when shear cracks occur in pile caps of cast-in-place concrete piles. And 
depending on the effect of the axial force, the condition of cracks generated in the pile cap was 
different between positive and negative loadings.

(2)     Consistency with the critical section proposed by the Architectural Institute of Japan was good 
on the opening side, but it is necessary to reconsider on the closing side, including the effect of axial 
force.

In the future, in order to analyze the fracture properties and confirm the consistency of the critical cross 
section when assuming calculated values, it is necessary to conduct many experiments on test specimens 
in which pile cap bending failure precedes shear failure.
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Figure 9. Crack pattern of pile cap and the critical section.
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