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ABSTRACT: In this study, rocking stiffness evaluation method based on the measurement
acceleration response data is proposed. In this method, only the acceleration response and floor
plan is needed. To evaluate the rocking stiffness, the relationship between the inertia moment for
rocking motion and the rocking angle is calculated. The inertia moment is calculated due to the
horizontal acceleration and mass of each floor, and the rocking angle is calculated due to the
vertical displacement of the basement floor. To calculate the fundamental vertical displacement,
wavelet transform method is used. The calculated rocking stiffness is compared with the design
value based on the building code and soil survey.

1 INTRODUCTION

The soil-structure interaction (SSI) effect is an important factor that influences the seismic
response and dynamic characteristics of a building; the larger the ratio of superstructure stiffness
to the stiffness of soil, the larger the SSI effect (AlJ Committee, 2003). Although soil springs can
be calculated using the soil properties obtained from the field test survey and experiments before
the construction of the building, it is difficult to know the real measurement of soil springs after
the construction of a superstructure, especially after earthquakes occur. Some researchers studied
the accuracy of soil springs proposed by current methods in the past years. For example, Tamori
et al. (2004, 2005) made the microtrmor observations of 20 SRC buildings, and they used the
measurement data to calculate the dynamic characteristics of the measured buildings, which were
compared with those of the designed SSI model (swaying and rocking springs of soil were
determined by the calculation method of response and limit strength, mass and stiffness of the
superstructure were calculated according to the design standard). Their results indicated that the
calculation method of response and limit strength underestimated the rocking stiffness for the
buildings with direct embedment foundations. Mori et al. (2008) evaluated the soil springs of the
building with a direct embedment foundation using FEM and Layered models based on the
dynamic SSI analysis. However, there is rare research that evaluates the real measurement of the
rocking stiffness of soil under earthquakes. This paper presents the research that tried to solve the
problem.

Nowadays, a new seismic evaluation method based on the real-time residual seismic performance
curve (S,-Sy curve) is used to evaluate the seismic performance of superstructures (Kusunoki et
al., 2003, Kawamura et al., 2013, Kusunoki et al., 2014). This method has been shown to be
practically applicable to seismic performance evaluation of real buildings (Li et al., 2014). It is
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expected that the concept of the S,-S; curve of the single-degree-of-freedom (SDOF) model can
be used to evaluate soil performance (reflected by the R,-R; curve of the foundation) in
earthquakes.

In this paper, a simple evaluation method of rocking stiffness of the soil is proposed, which is
based on the R.,-R, curve of the foundation. The R.,-Rs curves were calculated using measurement
earthquake response data of an eight-story steel-reinforced concrete (SRC) building with a direct
embedment foundation.

2 CALCULATION METHOD

The superstructure of the measurement building (Figure 1(a)) can be reduced into an equivalent
SDOF model, and the S,-Ss curve (representative displacement S, and base shear force coefficient
S.) and the equivalent mass m. of the equivalent SDOF model (refer to Figure 1 (b)) can be
calculated using the method in the reference papers (Kusunoki et al., 2014).

Generally, rocking motion mainly couples with the fundamental mode (Jennings et al., 1973).
Then the representative rocking-moment coefficient R, (Equation 1(a)) and rotation moment of
the foundation M, (Equation 1(b)) for the model in Figure 1(b) can be written as follows

Sa
R, = H_e (D
M, =1, Rq ()
lp =mg- He2 3)

where the equivalent height H. (Chopra et al., 2002) was calculated using maximum response
points (ti1ma) of the fundamental mode response; see Equation (2) as follows:

i Fon
H, = 2T viamax Ay 4)

Y miUizmax”
Then the dynamic equation for the rocking motion can be written as follows:
Ie'Ra+CR'Rd+kr'Rd=0 (5)

where cr and kr are the damping and stiffness, respectively, of the soil for the rocking motion.
When the rocking motion reaches to the peak response, then damping force is zero; so Equation
(3) can be rewritten as follows

R k
_Ra _ kr (5)
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Figure 1. Outline of Calculation
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o = |- (6)

And the rocking stiffness of the soil k. can be calculated as follows:
ky =1, - ,? (7)

where Ry is the representative rocking angle, the calculation method was referred to the paper by
LI et al. (2014). The relationship between R, and R, of the peak response points is simply shown
in Figure 1(c), and PR+ and PR- are the maximum peak response points in Rs-R, curve. And w,
is the fundamental circular frequency for the rocking motion, see Equation (5).

The fundamental responses of the superstructure (used for the calculation of S, and the rocking
motion R,) can be extracted using the wavelet transform technique (WTT) (Kusunoki et al., 2003),
and the determination of the fundamental responses. Like the S,-Ss skeleton curve(Li et al., 2014),
the R,-R, skeleton curve can be obtained from some peak response points from a smaller response
to a maximum response of the rocking motion, which can reflect the soil performance.

3 OBJECTIVE BUILDING

The research object of the paper is an eight-story SRC building (the dimensions of the
superstructure are Hxaxb=28%21x26, unit: m) with a base floor underground. The locations of
the acceleration meters and the superstructure of the building have been discussed in previous
research (Kashima et al., 2006). The foundation type is a direct embedment foundation, of which
the embedment depth underground is 8.5 m.

Just as shown in Figure 2, 11 accelerometers are installed in the building and another 5
accelerometers (AO1, BO1, CO1, N14 and A14) are located in the shallow layers of the soil
surrounding the building. Each accelerometer can record 3-direction motions (x direction: E-W,
y direction: N-S and z direction: vertical direction). The sampling frequency of the accelerometers
is 100Hz.
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Figure 2. Measurement points of the building

Table 1.Measured earthquake data.

. . . . Depth M Dist. | PGA IIMA Fundamental response
Time Epicenter Latitude | Longitude ) | Degree) | (Km) | (eal) | (Degree) EW NS Number
2003-09-20 12:54 S Chiba Pref. 1403033 352150 | 70 5.8 104 [137] 28 rank6 rank6 El
2004-10-06 23:40 S Ibaraki Pref. 140.0917| 359850 | 66 5.7 17 | 545| 38 rank6 rank6 E2
20050816 11:46 Off Miyagi Pref. 1422783 38.1500 | 42 72 298 | 2908 | 33 rank6 rank6 E3
2008-06-1408:43 | S Inland Iwate Pref. | 140.8800] 39.0283 | 8 72 330 |262| 34 rank6 rank6 E4
2011-03-11 14:46 Off Sanriku 142.8600| 38.1033 | 24 9.0 330 |2793] 53 rank6 | rank6+rank7 E5
2011-03-11 15:15 Off Ibaraki Pref. 1412650 36.1083 | 43 7.6 107 [1501] 47 rank6 rank6 E6
2011-04-11 17:16 Hama'dm;r:f“k“hm 140.6717| 369450 | 6 7.0 105 [1181| 46 | rank6+rank7 |rank6+rank7 E7
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The Building has experienced more than 1,239 earthquakes since it was built in 1998. Some
research on the soil stiffness in earthquakes has been obtained in past years. For example,
Kashima et al. (2006) inferred that the soil stiffness (rocking stiffness and swaying stiffness)
remained almost unchanged from 1998 to 2005, but the fluctuations in the results were very
strong.

It is necessary to calibrate the rocking stiffness of the soil from 1998 to 2005 using earthquake
response measurement data and also to check whether the rocking stiffness of the soil changed
from 2006 to 2012. In the following sections, the outstanding peak response points of the R.,-R4
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curves of the foundation will be used to answer these questions. In this paper, seven of the most
significant earthquake records were selected from 1998 to 2012; see Table 1.

4 CALCULATION RESULTS

4.1 Study on the soil responses

As shown in Figure 4, the Polygonal Lines and the outstanding peak response points show that
the soil responses were linear in most of the seven earthquakes (except E5 for the Tohoku
Earthquake off the Pacific Coast in 2011). For example, the soil performance remained unchanged
in Earthquakes E1-E4, E6, and E7; Earthquakes E5 showed that the soil performance decreased
in the E-W direction during the earthquake (points A and B, see Figure 4(¢)). The maximum peak
response points could be used to calibrate the rocking stiffness of the soil in earthquakes E1-E7.

4.2 Effect of rotational Input

As for the calculation of the rocking angle 0y,,5. of the building, we used the motions of the three
points BFN, BFE and BFS located on the base floor. However, 64 reflects the absolute rocking
motion of the foundation, which contains the rotation motion of the ground. In order to get the R,
- Rq curve of the soil (reflects the relationship between the deformation of soil and the moment of
the building), we should calculate the relative rotation angle 6,.,, between the foundation and its
surrounding ground, see Fig.4(a). In this case, we calculate the rotation motion of the ground for
N-S direction 8, as follows,
egz — ZBo1LZA01 (8)

As for the influence of the 6, on the shape of the R,-Rs curves, all the 7 earthquakes were
discussed. Just as what is shown in Figure 4, when the rotation motion of the ground 6,; was
deleted from the rocking motion of the foundation Gy, the hysteresis loops of the corresponding
R.-R, curves would become compact and easy to understand. It can be easily concluded that the
soil responses were linear during the earthquakes E1-E6. Besides, stronger rotation motion of the
ground (fg2) always have larger influence on R,-R, curves.

After deleting (means Gpus-052) the influence of 6,2, the R,-Rq curves and R.,-Rs skeleton curves
become easier to understand and analyze. Because the soil responses for the 7 earthquakes were
linear, so the maximum peak response points of the R,-Rs curves were selected to calculate the
fundamental frequency (f/=w,/2n), and w, was calculated by Equation (6). Fundamental frequency
of the rocking motion of the foundation is shown in Fig.6. The fundamenal frequency is almost
stable for N-S direction. But, in E-W direction, the fundamenal frequency is quite changed on E5.

Ground

a

R_(rad/s?)

(a) Response of direct foundation (b) Ra-Rd curve with ground motion (¢) modified Ra-Rd curve
Figure 4. Modification result of R,-Rs Curves
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4.3 Calculation of rocking soil stiffness

Due to the AlJ standad (AlJ Comittee, 2003), when considering the embedment effect of the
foundation in the soil, the rocking stiffness will be calculated as follows:

K = Kip + Kre ©)
KrbA” = BRKlr (10)
where fr reflects the contribution of all soil layers for the total rocking stiffness, K, is the rocking

stiffness for the first soil layer, and K. is caused by the foundation embedment effect (reduction
coefficient &. is 0.5 under strong earthquakes).

The JARA standard (JARA, 2012) gives a method of calculating the rocking stiffness as follows:

_ _ By -3/4
Kebjama =1+ Ko =1+ kyo - (22) (11)

where k,,=10/3-a-Ey, in which a is a scaling factor (as for the PS Well Logging method in this
paper, earthquake condition: o= 0.2516)); and Ej is calculated by the elastic modulus of the
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layered soil obtained by PS Well Logging method; By=va X b; I is the moment of inertia of the
foundation mat (/= ab*/12, where a and b are the size of the foundation mat).

It can be concluded that the fundamental rocking frequency w, (=2w7, , where T, is the
fundamental rocking period) of a specific SRC building is independent of different estimations of
the total mass and equivalent height H..

As shown in Table 4 for Case 1, the rocking stiffness calculated using the measurement data is
larger (1.6 times) than the designed values by the calculation method of response and limit
strength. However, the real-time values are much larger (5-10 times) than those in the JARA
standard, of which the vertical ground reaction force coefficient &k, was used to calculate the
rocking stiffness through the model in Figure 7. For Case 2, the rocking stiffness calculated by
the calculation method of response and limit strength agreed well with the results from the
measurement data. It can be concluded that the estimation of the total mass has a significant
influence on the calibration of the rocking stiffness of the soil.

Ground level v=0.140, Ed=366, Gd=161

tayert = o ’i 20m
layer2 _ pqysg0, gd=531_| Foundation 405m 6.0m

layer3 v=0.494, Ed=1170, Gd=382 1 6.0m

layer4 v=0.487, Ed=3690, Gd=1240 8.0m

layer5 V=0.491, Ed=2130, Gd=714 R
e.om Ground surface RN

v=0.485, Ed=3870, Gd=1300 A A
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layer7 Soil i : g X Soil
v=0.468, Ed=12000, Gd=4100 6.0m L Foundation L /\, Kre
Erid i
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layerd v=0.485, Ed=4460, Gd=1500 § § § § § § § § § § § § § gkv
12.0m
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12.0m Krb

The calculation method of response and limit strength  (published by AlJ) : Kr= Krb + Kre
The calculation method using the Kv defined by JARA standard: Krb

layer11 v=0.484, Ed=4160, Gd=1400 8.0m

Figure 7. Soil Property and Calculation model for the rocking motion

Table 2. Calculation results of rocking stiffness
Rocking stiffness (1012 N-m/rad)

AlJ standard Real values JARA standard
E-W | 0.56(K,;) + 0.32(K,,)=0.87 | 0.84 (Case 2)—1.40 (Case 1) K., = 0.146
N-S | 0.82(K,;) + 0.41(K,.)=1.23 | 1.18 (Case 2)-1.97 (Case 1) Ky, = 0.225

5 DISCUSSION AND CONCLUSIONS

A simple R,-R, curve of the soil for the rocking motion was presented in this paper, which can be
used for the evaluation of real-time seismic performance of soil and rocking soil stiffness. In this
paper, the maximum response points of the R,-Rs curves of an eight-story SRC building in
earthquakes were used to calibrate the rocking stiffness of the soil, and two conclusions can be
made as follows:

(1) The Polygonal Lines restored from the R,-R; curves can help us understand the real-time
performance changes of the soil during earthquakes. The outstanding peak response points of R,-
R, curves are important for understanding the current properties of the soil, as the superstructure
reaches its peak deformation at the same time.

(2) For the researched SRC building that has an embedment direct foundation, the calculation
method of response and limit strength published by the AlJ underestimated the rocking stiffness
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of the soil, and the vertical ground reaction force coefficient &, defined by JARA standard cannot
reflect the real measurement of the soil stiffness. And the estimation of the total mass has a
significant influence on the calibration of the rocking stiffness.
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