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Abstract

In major earthquakes in Japan such as the 1995 Hyogo-ken Nanbu Earthquake, 2011 Tohoku Earthquake, and 2016
Kumamoto Earthquake, some buildings were demolished by losing their original functions because their piles and pile
foundations were damaged leading to tilting of their superstructure. It is a new lesson for the Japanese engineering
society that buildings can lose their functions even if the superstructure has no or very minor damage.

The bending behavior at the pile and pile cap interface was studied by Kirihara et al. in the 1980’s. Their piles
were embedded in pile caps as deep as their pile diameter. Several moment resisting mechanisms were clarified and
modelled based on the experimental study and they proposed formulae for the bending capacity. However, recent piles
have anchorage reinforcement to enhance the moment capacity with much smaller embedment length. In order to design
for bending behavior at the interface, there are some issues to be quantified such as concrete strength enhancement due
to the bearing effect of concrete, confining effect from reinforcement in the pile cap, volume of concrete in the pile cap
which reacts against bending action, how rebar works in the pile cap.

This paper discusses the bending moment resisting mechanism and proposes moment capacity equations for the
recent type of pile systems using the experimental work conducted on five specimens, which had short steel pile
embedment (1/3D or 2/3D where D is the pile diameter) with or without anchorage reinforcement. Five specimens were
designed to reach different types of concrete failure modes based on Kirihara et al.’s formulae. Test results showed
unexpected failure modes and a new design equation is proposed. In the new equation, Kirihara et al.’s formulae were
revised to take into account the effect of short embedment of pile, using Kokusho’s study, and axial load ratio. The
bending moment capacities based on the revised equation agreed well with the experimental results with good accuracy.
Clarification of detailed resisting mechanism is still underway to cover a wider range of axial load ratio and amount of
anchorage reinforcement, and to quantify deformation for different characteristic points in order to increase the
accuracy of the equations and build performance based design criteria for the pile and pile cap interface.
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1. Introduction

In recent years, efforts to understand the seismic behavior of pile foundations have increased and the need
for secondary seismic design for piles in severe earthquake has become apparent. To address this,
experimental investigations are conducted at different organizations in Japan [1,2]. The Architectural
Institute of Japan (AlJ) is developing design guidelines based on the findings from these studies [3, 4].

Among different aspects of pile foundations, this series of studies are focused on the connection
between pile and pile-cap. In particular, the moment resisting mechanism at the pile and pile cap interface is
investigated. In the companion paper (Part 1), the authors presented experiments carried out on a pile cap
with a short pile head embedding length, and reported the maximum strength and observed damage of the
pile cap [5].

This part of the study (Part 2) focuses on developing expressions to predict the moment strength of the
pile and pile cap interface based on the resistance mechanism for a laterally loaded pile. Related to this
objective, Kirihara et al. [6] have provided equations for the moment strength for pile caps with long pile-
head embedment length. They described different failure modes of the pile cap interface and methods for
calculating the strength associated with each mode. The proposed solutions showed good agreement with the
experimental results. However, the formulation proposed by Kirihara et al. [6] does not include the
contribution from axial force in the pile. Furthermore, recently piles and pile caps are now often connected
with a reinforcing bar welded to the pile head to shorten the length of pile-head embedment. The
applicability of the expression proposed in [6] is still unclear for these cases of short pile-head embedment.
Therefore, prior to the experiments described in Part 1 [5], the authors developed expressions to predict the
moment strength of the pile and pile-cap interface including the effect of axial load on the pile. These
expressions are based on the resistance mechanism of the pile and pile-cap interface when lateral load is
applied to the pile.

The following sections present the different failure modes considered and corresponding moment-
strength for each mode based on the resistance mechanisms. The accuracy of proposed expressions is
validated by comparing the maximum strength and failure modes obtained from the experiments described in
Part 1 [5].

Prior to the experiment, the authors modeled the resistance mechanism of the pile and pile cap interface
when horizontal force was applied to the pile, and derived a calculation formula to predict the maximum
strength of the pile cap interface. A calculation formula for pile caps with long pile head embedding length is
proposed by Kirihara et al. [6]. The paper [6] describes some failure modes of pile cap interfaces and the
method of calculating the maximum strength of each mode and it showed good correspondence with
experimental results. But the method doesn’t include the axial force. Also, piles and pile caps are new often
fixed with a reinforcing bar welded to a pile head to shorten the length of the pile head embedment, but the
applicability of Kirihara’s formula in such a case is unclear.

Therefore, in Part 2, by comparing the predicted maximum strength with the maximum strength obtained in
the experiment of Part 1 [5], the accuracy of the formula was confirmed taking into consideration the failure
mode.

2. Failure modes

Kirihara et al. [6] present several failure modes for the pile-cap interface. Fig.1 shows typical failure modes.
Failure mode ‘b’ is shear failure at the front of the pile cap interface, failure mode ‘d’ is tensile yielding
perpendicular to the loading direction, failure mode ‘e’ is shear failure at the back of pile cap interface, and
failure mode ‘h’ is slip failure at the back of pile cap interface. These failure modes are adopted herein for
moment-strength calculation.
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(a) Failure mode ‘b’ : Shear failure at front. (b) Failure mode ‘d’ : Tensile yielding.

(c) Failure mode ‘e’ : Shear failure at back. (d) Failure mode ‘h’ : Slip failure.

Fig.1— Failure modes of pile-cap for a laterally loaded pile [6].

As reported in Part 1 [5], the four specimens without rebar anchors developed cracks parallel to the
loading direction on the front surface of the pile cap. Additionally, cracking was also observed in the
direction perpendicular to loading, and these cracks extended toward the side of pile cap. Although the crack
pattern is different from that in Fig. 1, the lateral load was reduced when the cracks perpendicular to the
loading direction reached the side of the pile cap. Accordingly, the failure mode of these specimens was
determined to be shear failure ‘b’.

In the specimen having the pile-head rebar anchors, cracks formed in the front side the pile cap
parallel to the loading direction and in the direction perpendicular to the loading toward the side of pile cap.
Moreover, since cracks also occurred on the back surface of the load, the failure mode of the specimen was
determined to be shear failure or bending failure in the front of the pile cap after bending failure at the back.

3. Modeling for resistance mechanisms

3.1 Formulation

First, referring to the stress distribution inside the pile cap interface reported by Kuromasa et al. [7], this
study assumes the interaction force distributions as shown in Fig. 2 for long and short pile-head embedment.
Model 1 (Fig. 2(a)) corresponds to the resisting mechanism for long pile-head embedment, and Model 2 (Fig.
2(b)) corresponds to the resisting mechanism for short pile-head embedment.
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Fig.2 — Resistance mechanisms of pile pile-cap connection.

Referring to Fig. 2, the equilibrium of forces in horizontal and vertical direction yields the following
for Model 1 and Model 2,

P+ Rpy = Rpy + Fpy ey
2
F1+RU1:N+F2+T1 ()

where P is the applied horizontal load, R;; and R are the horizontal reaction forces acting on the pile
from the pile cap, F}; is the frictional force acting between the pile-head surface and the pile cap concrete, F;
and F’; are the frictional forces acting between the pile side and the pile cap, R,; is the vertical reaction force
acting on the pile from the pile-head joint surface, and N is the axial force.

Considering the equilibrium of moments about the point O, following equations can be obtained for
Model 1 (Eq.(3)) and model 2(Eq.(4)),

1 5 D D D
P (L+l)+€th2_Ethl—EFl—EFZ—ET]_—dRVl=0 (3)
2 2 D D D @)
P (L+l)+§th2_§thl_5F1_EFZ_ETl_dRVl:0
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where L is height of loading point from the pile cap surface, / is the embedment length, D is the pile
diameter, 7; is the tensile force at the pile head anchoring rebar, d is the vertical reaction force acting
position and d = (D /2) — (2¢/3) (where ¢ is the wall thickness of pile).

Equations (1)—(3) are used to determine P in Model 1; Egs. (1), (2), and (4) are used to determine P in
Model 2. The maximum lateral force P can be calculated given the horizontal reaction force Rj; in each
failure mode.

Assuming that the coefficient of friction between the pile surface and the pile cap concrete is u, the
frictional forces F; and F> can be expressed as:

Fi = pRy1v Fp = pRp; (5)
Substititing Eq.(5) into Eq.(2) gives,
Ry1 =N+ Ry + Ty — pRp, (6)

Defining constants 4 and B as in Eq. (7), the expression for R;;can be obtained as Eq. (8).

A—11+1D d B—ll 1D d (7)
T MY THE BEGETo AN TH

A dN DT, dT, P(L+1I) (8)
Ro=gfn* g+ ¥ ~— 5

As the coefficient of friction between the pile-head joint surface and the pile cap concrete is u, Fj; can be
expressed as,

Fp1 = uRyy = u(N + pRp; — pRpy +T1) )

Substituting Egs. (8) and (9) into Eq. (1) gives the expression for P for Model 1 in terms of Ry; as,

b (1—;12)(1—%)13;11—(1—#2)%\/—(1—#2)%—(1—112)%"‘#(1\/"'711) (10)

=D L+D
B

Following the similar procedure, the identical relationship between P and Rj; for Model 2 is obtained same
as equation (10). However, for Model 2, constants 4 and B are defined as,

A—Zl+1D d B—Zl 1D d 7y
B L L

3.2 Capacity of each part

The maximum load P at failure mode is obtained as the summation of resisting capacities for different
mechanisms. The following sections describe the calculation method for the capacity of each part. The
expressions proposed in Kirihara et al. [6] are adopted herein and the details are omitted for brevity.
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3.2.1 Shear strength at front and back

The shear strength of the front side and the back side of the pile cap is obtained using equation (11) as the
summation of the shear strength of the concrete and shear strength of the reinforcing bar crossing the shear
plane. Fig. 3 shows the area of the shear plane for the front and back sides.

Qu=1ghc+ 5> (n

Acy @ Area of shear plane in front
Acp : Area of shear plane in back

op : Compressive strength of concrete
f, : Tensile strength of reinforcement

a, : Cross-sectional area of vertical reinforcement

Fig.3 — Area of shear planes.

3.2.2 Tensile strength

The tensile strength is the summation of the tensile strength of the reinforcement crossing the cracks shown
in Fig. 4, and can be expressed as,

(12)

f, : Tensile strength of reinforcement

a, : Cross-sectional area of tensile reinforcement

Fig.4 — Schematic of reinforcement resisting the tensile failure.
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3.2.3 Sliding failure strength

The slip failure strength of the back surface is calculated as Eq. (13). This value is taken as the summation of
shear strength of concrete corresponding to the slip surface shown in Fig. 5, and the tensile strength and
shear strength of the reinforcement crossing the cross section.

Op fi a

_9% Jt &y (13)
—10Bl+f,5at+\/§ >

Sp

oz : Compressive strength of concrete
B : Width of pile cap
[ : Embedment length of pile head

f; : Tensile strength of reinforcement

a, : Cross-sectional area of tensile reinforcement

a, : Cross-sectional area of vertical reinforcement

Fig.5 — Area of concrete and reinforcement resisting slip failure.

3.2.4 Failure mode and reaction force Ry

The horizontal reaction force Rj; acting on the pile from the pile cap according to each failure mode is
calculated using Eq. (14) to (16). The failure modes ‘bd’ and ‘be’ are combination of two failure modes ‘b’&
‘d” and ‘b’& ‘e’, respectively.

bd : Ry = Qua + T, (14)
be : Rhl = QuA + QuB (15)

h . Rhl = SB (16)

Finally, the maximum load P is calculated from Eq. (10) using Rh1 from Eqgs. (14) to (16) for each
failure mode.
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4. Comparison of the experimental and calculated results

Table 1 shows the maximum strength corresponding to each failure mode obtained using the expressions
described above. The strength of each specimen obtained from the experiment are also presented. The results
are compared in terms of bending moment at the pile head joint surface. The bending moment M. is
calculated using Eq. (17), and the experimental value M.y, is calculated using Eq. (18). In Eq. (18), d is the
horizontal displacement of the pile at the height where the axial force is introduced (Fig.
6).

My =Px(L+10) a7

My =PX(L+D)+NX§ (18)
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Fig.6 — Schematic of test setup.

Based on the calculation results, the specimens A01, A02, and A04 would be expected to fail in the
failure mode ‘h’; however, the experimental results indicated the failure mode to be ‘bd’ or ‘be’. That is, the
failure mode expected from the calculation results and the failure mode observed in the experiment were
different. According to the experimental results, the strain of the concrete on the back side of the load was
small. It is probable that the reaction force R;» did not develop in the experiment because the embedding
length of the pile head was short and the reinforcement around the pile head was smaller than that in the
previous study [6].

Referring to the calculated maximum strength for these specimens (Table 1), the strength for failure
mode ‘bd’ is relatively close to the experimental results. In addition, from the fact that the maximum strength
of the failure mode ‘be’ is larger than that of failure mode ‘bd’, and based on the crack pattern observed in
the experiment, the failure modes of the specimen AO1, A02, and A04 are determined to be ‘bd’.
Accordingly, Fig. 7 compares the experimental results to the calculation results for failure mode ‘bd’. For the
specimens BO1 and A19, the calculated values are close to the experimental results in Model 1. On the other
hand, for test specimens A01, A02, and A04, the calculated values of the Model 2 are close to the
experimental results.
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Table 1 — Comparison of the experimental and calculated results

Specimen / M g [KNm] M
bd be h [kNm]
BO1 0.67D 31.7 83.8 38.8 28.7
Model 1 A0l 23.6 59.4 17.4 20.0
A02 033D 30.0 61.1 23.6 23.1
A04 472 78.6 40.7 36.7
Al9 39.4 69.6 46.0 40.7
Specimen ! M oy [KNm] Moy
bd be h [KNm]
BO1 0.67D 18.9 47.1 227 28.7
Model 2 A0l 17.6 42.1 13.4 20.0
A02 033D 21.9 432 17.6 23.1
A04 38.1 59.7 33.7 36.7
Al19 315 52.2 36.1 40.7
100 _ 100
Model 1 Model 2
80 80
— = 60
E 60 E
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Fig.7 — Comparison of the experimental and calculated results for failure mode ‘bd’.

5. Conclusions

In this paper (Part 2 of a companion paper), expressions to calculate the moment-strength of the pile cap was
derived, and the experimental results were compared with the calculated results. The findings from this study
can be summarized as follows:

* The failure mode of all specimens is determined to be combination of shear failure at the front and tensile
yielding (i.e., failure mode ‘bd’).

* For test specimens BO1 and A19, the calculated values considering Model 1 are close to the experimental
value, whereas for specimens AO1, A02, and A04, the calculated values considering Model 2 are close to the
experimental value.

However, the resistance mechanism assumed to predict the maximum strength and the resistance
mechanism observed in the experiment were found to be different. In particular, slip failure ‘h’ was predicted
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to control but did not. Therefore, future study will refine the modelling approach based on the resistance
mechanism observed in the experiments, to develop reliable design formulae.
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