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1   Introduction 

The “5.12” Wenchuan earthquake caused severe 
damage or collapse to a large number of structures, 
resulting in thousands of casualties. Most of the 
casualties and losses were caused by structural damage. 
Therefore, study of strong ground motions and the 
performance of structures subjected to earthquake 
ground shaking are very important. Most currently used 
ground motions, such as PGA, PGV, and PGD indices, 
portray the essential kinematic relationship of the 3D 
time histories, but do not contain suffi cient information 
to differentiate the various causes and formations 
of damage characteristics of the underlying ground 
motions (Dai et al., 2004; Dai et al., 2008). The temporal 
characteristics, normal and tangential acceleration, and 
temporal bending and torsion, are useful tools to achieve 
a better understanding of the unique characteristics of 

earthquake ground motions and structural responses. 
Furthermore, they can be especially useful in identifying 
certain nonlinear dynamics involved in the ground 
motions and structural responses (Lee et al., 2000). 

In this paper, a 3D temporal characteristics analysis 
(Tong and Lee, 1999; Tong et al., 2002) is conducted to 
demonstrate the characteristics of ground motions and 
seismic responses of an RC frame structure to the largest 
Ms6.4 aftershock, which occurred on May 25, 2008. 
During the aftershock, acceleration records of structural 
responses from an RC frame building were obtained. 
This was the fi rst time that the jerks (the derivative of 
acceleration, da/dt) of both the ground shaking and 
structural responses were recorded during an earthquake 
event, and the analyses provide necessary and useful 
information for further study.

2  Case study of 3D temporal characteristics 
  of strong motions of Ms8.0 Wenchuan 
      earthquake

2.1  Ground acceleration records nearby Jiangyou 

Three sets of ground motion records (obtained from 
the China National Strong Motion Network Center) 
during the Wenchuan earthquake from near downtown 
Jiangyou (see Fig. 1) were selected as examples to 
evaluate 3D temporal characteristics. Basic information, 
including location and peak ground accelerations 
(PGAs), about these records is provided in Tables 1 and 
2.
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Fig. 1   Ground acceleration time histories recorded from nearby stations
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Table 2   Predominant periods of ground motions

Translational components 
Predominant periods of the ground motions of records (s)

Wen-1 Wen-2 Wen-3

 aEW 0.1774 0.1433 0.1864

 aNS 0.1516 0.1112 0.1774

 aUD 0.08841 0.0526 0.135

Table 1   Characteristics of selected ground motion records from the great Wenchuan earthquake

Record 
No. Stations Serial 

number
Latitude

(º)
Long.

(º)

EW components NS components UD components 

  tEW   (s) PGA 
(cm/s2) tNS (s) PGA 

(cm/s2) tUD (s) PGA 
(cm/s2)

Wen-1 Jiangyou 51JYD 104.7 31.8 62.12 -507.9389 58.12 456.836 53.85 -198.1359
Wen-2 Hanzeng 51JYH 104.6 31.8 59.06 -509.3733 61.855 -350.3079 56.175 -442.9893
Wen-3 Zhonghua 51JYC 105 31.9 57.225 295.7031 55.235 279.7677 68.925 -180.3038
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2.2 Three dimensional temporal characteristics 
        analyses of the example ground motions

2.2.1 Acceleration and velocity characteristics
Comparisons of the instantaneous tangential 

acceleration aT, normal acceleration aN, the Euclidean 
norm of acceleration vector |a|, velocity vector |v|, and 
displacement vector |d| for three records are summarized 
in Table 3. Note that peak |d| occurred later than peak 
|a| and was followed by peak |v|; the peaks of |a| and 
absolute value aT often arrived almost simultaneously. 
Furthermore, Fig. 2 shows that aN arrived at its peak value 
when aT was equal to zero. From these observations, it 
is reasonable to believe that peaks |d|, |a|, and |v| are 
kinetically related to each other, and aT has an essential 
infl uence on |a|. From Table 3 and Fig. 2, note that large 
aT, aN, and |a| are not always accompanied by large |v|, 
and peak values of the aT, aN, and |a| of records Wen-1 
and Wen-2 are both larger than Wen-3; however, the peak 
values of the |v| of both Wen-1 and Wen-2 are less than 
Wen-3. In addition, the |v| always increases with positive 
aT and decreases with negative aT. These observations 
suggest that high ground motion acceleration does not 
always correspond to large velocity or displacement. 
Instead, a large or long-lasting positive aT component 
may be more vulnerable than the peak values of the EW, 
NS, and UD acceleration components. 
2.2.2 Temporal curvature characteristics

The temporal curvature κ is the rate of turning 
(radian) in per-unit length of S, where S represents the 
3D displacement experienced by the point considered 
on the ground; its reciprocal is the radius of curvature 
(Tong and Lee, 1999). According to aN=κ(dS/dt) 2=κ|v|2 

(Tong et al., 2006), κ is directly related to aN as seen 
from Fig. 3, the maximum κ always corresponds to 
the maximum aN and their values approach each other. 
Furthermore, the maxima of κ and aN always correspond 
to the minima of |v|, and is also the same for the opposite 
case. This implies that every curvature pulse results in 
an increase of normal acceleration and a loss of some 
velocity. It is amazing that, according to aN = κ|v|2, aN is 
proportional to |v|2, but its peak values are often related 
to the minima of |v| and maximum of κ. This is similar to 
fi ndings reported in prior research (Tong and Lee, 1999).

Temporal curvature in a unit of time κt is obtained 
by multiplying |v| by κ. From Figs. 3(a)–3(c), note 
that pulses κt and κ vary with time, and are in phase 
for all three records; however, their amplitudes differ 
signifi cantly from each other. This indicates that the 
infl uence of the velocity is signifi cant. 
2.2.3 Temporal torsion characteristics

Temporal torsion γ is the rate of twisting (radian) in 
per-unit length of S. Its reciprocal is the radius of torsion. 
According to 3D temporal characteristics theory, γ is 
closely related to da/dt. It involves the information of 
directional changes in acceleration. Temporal torsion in 
units of time γt is obtained by multiplying |v| and γ. (Tong 
and Lee, 1999)

Figure 4 presents comparisons of κ, γ, γt, and |v|. 
The pulses of γ and γt always occur simultaneously; 
further, they often occur at a time of high velocity, just 
the opposite of κ pulses. γ and κ are mutually reversed; 
that is to say, curvature pulses correspond to the torsion 
valleys and its valleys correspond to the torsion pulse. 
This observation has been made in prior research (Tong 
and Lee, 1999).

Table 3   Comparison of aT, aN, |a|, |v| and |d|

Record No. Responses Time(s) Peak values

Wen-1 Positive aT 62 412.3784 cm/s2

Negative aT 63.96 -570.5367 cm/s2

aN 49.49 461.6245 cm/s2

|a| 63.96 609.4607 cm/s2

|v| 49.78 39.8221 cm/s
|d| 50.96 44.8382 cm

Wen-2 Positive aT 56.93 341.7038 cm/s2

Negative aT 59.33 -390.2559 cm/s2

aN 59.05 519.9636 cm/s2

|a| 59.34 539.6633 cm/s2

|v| 49.54 35.6588 cm/s
|d| 50.64 55.0325 cm

Wen-3 Positive aT 57.22 255.2972 cm/s2

Negative aT 57.33 -237.2189 cm/s2

aN 47.86 314.8068 cm/s2

|a| 57.21 320.7535 cm/s2

|v| 52.98 41.6364 cm/s
|d| 56.15 38.6838 cm
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3   Three dimensional temporal characteristics 
analyses of response of a RC framed 
building structure

3.1   Description of the RC framed building

The responses of a four-story RC frame offi ce 
building (Fig. 5) were obtained during a large Ms6.4 
aftershock. The dimensions of the building were about 
10.8 m × 38 m × 14.4 m (width×length×height). The 
building belongs to Sichuan Mining Mechanical Corp., 
located in Jiangyou County, downtown of Sichuan 

Province in the east, about 40 kilometers away from the 
major rupture of the Wenchuan earthquake. The local 
seismic design fortifi cation intensity was VII (PGA, 
aPG= 0.1g), while the observed intensity was about VIII, 
and the site class belonged to type I according to the 
Chinese code for seismic design of buildings. 

During the main shock of the Wenchuan earthquake, 
the RC frame structure of the offi ce building remained 
intact with slight damage to a few masonry infi ll walls 
as shown in Fig. 6. The damage to infi ll walls was 
mainly observed on the 1st fl oor, with light damage on 
the 2nd, 3rd, and 4th fl oors. Even though the infi ll walls 

500

400

300

200

100

0

-100

-200

a N
, a

t, 
|a

|, 
|v|

, |
d|

4|d|
4|v|
|a|
ataN

49                       49.5                        50                      50.5
Time (s)

(a) Wen-1
400

300

200

100

0

-100

-200

a N
, a

t, 
|a

|, 
|v|

, |
d|

4|d|
4|v|
|a|
ataN

49.5                      50                        50.5                       51
Time (s)

(b) Wen-2
300

200

100

0

-100

-200

a N
, a

t, 
|a

|, 
|v|

, |
d|

4|d|
4|v|
|a|
ataN

52.5                                    53                                     53.5
Time (s)

(c) Wen-3

Fig. 2   aT, aN, |a|, |v| and |d| (aT (cm/s2), aN (cm/s2), |a| (cm/s2), |v| 
             (cm/s) and |d| (cm))

500

400

300

200

100

0

|v|
, a

N
, κ

t, 
κ

4|v|
aN
κt
κ

114          114.2        114.4         114.6         114.8        115
Time (s)

(a) Wen-1
600

500

400

300

200

100

0

|v|
, a

N
, κ

t, 
κ

122         122.2         122.4       122.6         122.8        123
Time (s)

(b) Wen-2
160

140

120

100

80

60

40

20

0

|v|
, a

N
, κ

t, 
κ

32.5                                    33                                     33.5
Time (s)

(c) Wen-3

Fig. 3   Comparison of κ, κt, aN, and |v| recorded from nearby 
              stations (κ (rad/cm), κt (rad/s), aN (cm/s2) and |v|(cm/s))

4|v|
aN
κt
κ

4|v|
aN
κt
κ



No. 2             Dai Junwu et al.: 3D temporal characteristics of ground motions and building responses in Wenchuan earthquake            291

between the windows on the 2nd, 3rd, and 4th fl oors 
were narrower than on the ground fl oor, they showed 
less damage. Horizontal cracks on the 4th fl oor appeared 
below the beam of the staircase, and wider horizontal 
cracks occurred on the side of the larger structural bay. 

Crack distribution on the 1st fl oor of the building is 
shown in Fig. 7. 
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Fig. 5   Overview of RC frame offi ce building

(d) Cracks in infi ll wall below the beam on the ground fl oor

Fig. 6  Horizontal cracks observed in the RC frame structure

(c) Cracks between infi ll walls and columns on the ground fl oor

(b) Infi ll wall # II cracked at the upper level of windows, view is 
      from inside the building

(a) Infi ll wall # I cracked at the upper level of windows
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Table 4   Monitored aftershock information

Earthquake name Time Magnitude Epicenter Epicentral distance
Aftershock 1 May 25,2008 Ms6.4 Qingchuan 90 km

Table 5   PGA information about aftershock 1

Floor 
No.

Translational
components 

Peak values
 (cm/s2)

Occurrence 
time(s)

4 EW 183.626 80.727
NS 119.497 80.68
UD -179.213 80.66

3 EW -152.744 80.72
NS 108.624 80.68
UD -41.423 80.663

1 EW -81.985 80.723
NS 46.812 81.333
UD -14.015 80.99

Table 6   Comparison of periods

Direction
Fundamental 
periods of the 

structure

Ground predominant period
 from nearby stations during 

aftershock Ms
 6.4

EW 0.197 0.2957

NS 0.192 0.2957

Torsion 0.192 0.1601

3.2  Structural responses during May 25 aftershock 
       of Ms6.4

Acceleration responses of the offi ce building were 
recorded in series aftershocks of the earthquake by 
sensors. Each of the responses had three components 
and the sensors were installed in the middle room of 
each fl oor. The acceleration responses, captured during 
the largest May 25 aftershock of Ms 6.4, were analyzed 
by using 3D temporal characteristics analysis. The 
acceleration responses are shown in Fig. 8; and the basic 
information of aftershock 1 is provided in Tables 4 to 6. 
From Table 6, note that the fundamental period of the 
structure is considerably different from the predominant 
periods of the nearby ground motions, both during the 
major earthquake and its aftershocks. This could be why 
this offi ce building was only slightly damaged in a series 
of strong ground shakings.

The jerk responses at the 1st and 2nd fl oors during 
aftershock 1 are shown in Fig. 9. PGAs and their recorded 
occurrence times as well as the accelerations integrated 
from the jerk responses are provided in Table 7, 
respectively. Figure 10 shows a comparison of the 
recorded acceleration response and the acceleration 
integrated from the jerk response during aftershock 1. 
Note that the maximum difference of PGAs between the 
recorded and integrated from jerk response was as high 
as about 49%, while the dissimilarity of their occurrence 
time was relatively small. In general, the time history 
curves shows good agreement with each other in intervals 
where peak values occurred, but the differences during 
other intervals was large, which may have been caused 
by noise. These differences may also have been caused 
by using an inappropriate fi ltering frequency band during 
data processing. Peak values and occurrence time of jerk 
recorded during aftershock 1 and the differentiated jerk 

from recorded acceleration are provided in Table 8. 
Figure 11 shows comparisons of recorded jerk response 
in aftershock 1 and the differentiated jerk. From Table 8 
and Fig.11, it is seen that the biggest difference of peak 
jerks were reached at 30%, while the occurrence times 
show a good consistency. The time histories of the 
jerks coincide well with each other in intervals where 
peak values occurred. This observation is similar to the 
acceleration comparisons described above. 

3.3 Three dimensional temporal characteristics 
        analyses of the structural responses

3.3.1 Acceleration and velocity characteristics
Comparisons of aT, aN, |a|, |v|, and |d| of the recorded 

structural responses are shown in Fig.12 and Table 8. 
The kinematic relationship between them is discussed in 
the following sections. From Fig.12 and Table 8, when 
the RC frame structure was excited under aftershock 1, 
aN and |a| had almost the same amplitude at the highest 
maxima; and the aN and |a| arrived at their peak values 
at nearly the same instant. For example, the peaks of aN 
and |a| on the 1st fl oor both arrived at 80.71s; while aT 
had much less amplitude than |a| over the entire time 
interval. Another interesting observation is between aT 
and aN as shown in Fig.12 and Table 8; i.e., most positive 
aN peak values precede positive aT peaks. Furthermore, 
it was often observed that the peaks of aN occurred at 
zero points of aT. The relationship between aT, aN, |a| at 
different fl oors shows similar tendencies. 

Figure 12 shows that |v| always increases in the phase 
of positive aT and decreases in the phase of negative aT. 
The above observation suggests that the high ground 
motion acceleration do not always correspond to large 
velocity or displacement. Instead, a large or long-lasting 
positive aT component may be more vulnerable than 
the peak values of the EW, NS, and UD acceleration 
components. Another interesting observation from Table 9 
is that both the velocity norm |v| and the displacement 
norm |d| at the same fl oor arrived at their peak values at 
the same instant.
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Table 7   Comparison of the recorded and integrated peak acceleration information

Floor 
No.

Translational 
components

Recorded Integrated
Peak values

(cm/s2)
Occurrence 

time (s)
Peak values

(cm/s2)
Occurrence 

time(s)
2 EW 98.38 80.69 67.49 80.54

NS 113.46 80.74 142.66 80.75
UD -- -- --

1 EW 81.99 80.72 78.61 80.74
NS 46.81 81.33 69.74 81.24
UD 14.02 80.99 18.67 82.88

Table 8   Comparison of jerk responses

Floor 
No.

Translational 
components

Recorded Differentiated
Peak values

(cm/s3)
Occurrence

time(s)
Peak values

(cm/s3)
Occurrence 

time(s)
2 EW 1773.99 81.68 2242.40 81.68 

NS 3263.67 80.68 2750.75 80.68 
UD -- -- -- --

1 EW 1964.29 80.79 2055.40 80.80 
NS 2218.38 81.31 1536.40 81.36 
UD 578.20 81.03 557.18 80.93 

Fig. 9   Time histories of Jerks during aftershock 1 of Ms6.4
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3.3.2 Characteristics of the temporal curvature 
Figure 13 shows that κ and aN vary with the same 

tendencies and are very similar. Furthermore, their 
maxima always corresponds to the minimum of |v|, 
and their minima always corresponds to the maximum 
of |v|. This implies that every curvature pulse results in 
an increase of normal acceleration and a loss of some 

velocity. This is in good agreement with the discussion 
above.

Temporal curvature in units of time κt was obtained 
by multiplying |v| by κ. From Fig.13, note that pulses 
κt and κ vary in phase; but their amplitudes were very 
different. The large difference in their amplitudes 
shows that the infl uence of velocity was signifi cant. It 
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Table 9   Comparison of responses during aftershock 1

Floor No. Responses Time (s) Peak values

4 Positive aT 80.580 176.898 cm/s2

Negative aT 81.590 -145.831 cm/s2

aN 80.740 228.260 cm/s2

|a| 80.750 237.468 cm/s2

|v| 80.630 14.833 cm/s
|d| 80.630 0.049 cm

3 Positive aT 80.570 114.989 cm/s2

Negative aT 80.850 -114.680 cm/s2

aN 80.700 170.103 cm/s2

|a| 80.700 172.694 cm/s2

|v| 80.790 14.019 cm/s
|d| 80.790 0.047 cm

1 Positive aT 80.540 64.652 cm/s2

Negative aT 80.840 -56.439 cm/s2

aN 80.710 83.234 cm/s2

|a| 80.710 86.572 cm/s2

|v| 80.610 8.963 cm/s
|d| 80.610 0.030 cm
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Table 10   Characteristics of the temporal torsion under aftershock 1

Floor No.
Time interval of non-zero

 γ (s)
Highest temporal torsion pulse

Value (rad/cm) Occurrence time (s)
1st 77.8 – 85.0 57.71 81.35
3rd 77.4 – 89.1 66.16 83.22
4th 64.8 – 99.6 160.2 81.97
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Fig. 14   Temporal torsion γ for different fl oors under aftershock 1 

is interesting to note that the time interval within which 
the highest aN and κ occurred does not correspond to 
when the highest κt occurred; the highest aN and κ often 
corresponded to a low or lower κt. Compared to both aN 
and κ, |v| had a very small amplitude.

The relationship among κ, κt, aN, and |v| at every fl oor 
shows the same trend when excited by aftershock 1.
3.3.3 Characteristics of temporal torsion 

The temporal torsion time histories at different fl oors 
of the building under aftershock 1 are illustrated in 
Fig.14, from which some characteristics of the temporal 
torsion of aftershock 1 are summarized in Table 10.

Note that γ appears only in a limited time interval; 
and its effective γ duration and the highest temporal 

torsion pulse value both increase as the fl oor number of 
the building increases.

Figure 15 provides comparisons of κ, γ, γt, and |v| 
of the building under aftershock 1, where  the kinetic 
relationship of κ, γ, γt, and |v| at all fl oors shows the same 
tendency. For example, the pulses of γ and γt always 
occurred simultaneously; further, they often occurred at 
a time of high velocity, which was the opposite of the κ 
pulses. γ and κ were in mutually opposite directions; that 
is to say, the curvature pulse corresponded to the torsion 
valleys and its valleys corresponded to the torsion 
pulse. This observation was also made by Tong and Lee 
(1999).
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4   Discussions and fi ndings

This paper summarizes  the results of 3D temporal 
characteristics analyses that were carried out on ground 
motions from both the main shock and the largest 
Ms6.4 aftershock of Wenchuan earthquake on the 
acceleration responses of a RC frame structure. The 
3D temporal characteristics were analyzed in terms of 
the instantaneous tangential acceleration aT and normal 
acceleration aN; Euclidean norm vectors of acceleration 
|a|, velocity |v| and displacement |d|; and temporal 
curvatures κ and κt, and temporal torsions γ and γt. From 
comparisons of the recorded responses and integrated 
from the recorded jerk responses, some signifi cant 
fi ndings are as follows:

(1)  The relationship of aT, aN, |a|, |v|, and |d| for 
ground motions from the main shock of the Wenchuan 
earthquake was similar: 

(a) the peak of |d| occurred later than the peak of |a|, 
and was followed by the peak of |v|; 

(b) the |a| and the absolute value of aT often arrived 
at their peaks almost simultaneously; 

(c) the peak of aN always occurred ahead of aT; 
furthermore, peaks of aN often corresponded to zero 
points of aT; 

(d) the |v| always increased with the positive aT and |v| 
always decreased with the negative aT. However, during 
aftershock 1, the relationship of aT, aN, |a|, |v|, and |d| for 
the structural response was different from the ground 
motions. This implies that their 3D characteristics rules 
were different from each other and depended on relevant 
conditions.

(2) The relationships of κ, κt, aN, and |v| to the 
seismic responses of the structure and ground motions 
have the same tendency. κ and aN approach each 
other. Furthermore, the maxima of κ and aN always 
corresponded to the minimum of |v|. This implies that 
every curvature pulse resulted in an increase of normal 
acceleration and a loss of some velocity. Pulses κt and κ 
varied with time in phase; but their amplitudes differed 
considerably from each other. It is interesting to note 
that higher aN and κ often corresponded to lower κt. 

(3) Temporal torsion of seismic responses of 
the structure and ground motions showed the same 
behaviors, i.e., the pulses of γ and γt always occurred 
at the same time and often within the region of higher 
velocity, which was opposite to the pulses γ. Another 
interesting observation of seismic responses of the 
structure was that γ was only distributed in a very short 
time interval for all fl oors; and the effective γ duration 
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and the highest temporal torsion pulse value both 
increased as the fl oor number of the building increases. 

(4) The time instant when the peak values of 
acceleration time history records occurred and the 
peak acceleration response both agreed well with those 
integrated from the recorded jerk response. Also, the time 
intervals agreed well with the jerk that was differentiated 
from the recorded acceleration response, except for 
the values of the peak jerks of the time history of the 
recorded jerk response. There were some differences 
that may have been caused by the differentiation or 
integration between the calculated jerk and acceleration. 
This suggests that better data acquisition and processing 
are required in future monitoring of strong ground 
accelerations as well as jerks.

Further research will mainly focus on how to fi nd 
the relationship between the 3D temporal characteristics 
and the damage patterns of building structures under 
strong ground motions. Both numerical simulation, past 
earthquake damage observations and laboratory tests 
will be conducted in the future.

Notations

The following symbols are used in this paper:
aT = instantaneous tangential acceleration;
aN = instantaneous normal acceleration;
|a| = Euclidean norm of acceleration vector;    
|v| = Euclidean norm of velocity vector;
|d| = Euclidean norm of displacement vector;
κ = Temporal curvature;
κt= Temporal curvature in units of time;
γ = Temporal torsion;
γt = Temporal torsion in units of time;
S =3D displacement experienced by the point.
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