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1. Introduction.

The destructive earthquake that shook the central part of Taiwan
on April 21, 1935, was accompanied by marked crustal deformations.
Associated with this earthquake, there appeared two faults, the Siko
fault and the Tonsikyaku fault, their locations being shown in Fig.
1. After the earthquake, extensive relevellings and re-triangulations
were made by the Military Land Survey over such regions as where
the earth’s crust was supposed to have been disturbed by the earth-
quake. These re-surveys showed that horizontal and vertical displace-
ments of triangulation points and bench-marks had occurred since the
last surveys were made. It is believed that they are mostly associated
with the earthquake just mentioned.” The horizontal displacements of
the triangulation points and the vertical displacements of the bench-
marks thus obtained are shown respectively by ‘arraws and numerals
against the corresponding points in Figs. 1 and 2.

In this paper, the writers discuss the crustal deformations on the
basis of the above-mentioned data.

II. Horizontal Deformations.

1. Method of calculating the horizontal strains.

In calculating the horizontal strains, the following method was
used. If we let # and v be the z- and y-components of the horizon-
tal displacenient of a triangulation point, referred to certain rectangu-

*  Comm. by N. Miyabe. :
1) The data of horizontal displacements of triangulation points and the vertical
displacements of the bench-marks are given in Bull. Earthq. Res. Inst., Suppl. Vol.

3 (1936), 216~227.
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lar coordinates x and 7, then the components of horizontal strain are

o Triangulation point
\ Horizontal displacement
“w Bench-marks and levelling rout
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In calculating the values o a—u, -a—zi, ete., by the method proposed by
» Cy

T. Terada and N. Miyabe,” u and v are assumed to be linear functions.
of z and ¥, given in the form

2) T. TERADA and N. MIYABE, Bull. Earthq. Res. Inst., 7 (1929), 223.
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u=ax+by+ec,

v=dx+by+c,

within each triangle formed by adjoining triangulation points. Conse-
quently we have ‘ '
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The four constants, a’s and b's, are given by
| o = !
|zy] 2y |
i £, b:_ ]qu b!____ lﬂml
[y | [zy]

in which |uy| denotes the determinant |2~ % Y2—U1
l Jl : Us—U; Ys—Y,

By Y13 Lo Yo3 Ty Ygs and uy, V;; U, Va U Vs; are respectively the
coordinates and components of horizontal displacements of triangulation
points I, II, and III, forming a triangle. In the present study, the values
of the a’s and b’s are thus calculated by solving a simultaneous equa-
tion. For calculating the values of ¢'s and b’s, a graphical method was
also proposed, by means of which the values of ¢'s and b’s obtained by
the former method are checked. The graphical method is as follows:

Assuming % to be a linear function of & and y in the triangle hav-
ing as vertices the triangulation points I, II, III (See Fig. 3a), we
have straight lines of equal « denoted by A4,B,, 4,B;, A,B,, as shown
in Fig. 3a, where the A’s and B’s are corresponding to the values of
the components of the displacements obtained by interpolation (See Fig.
3b). Since the A’s and B’s are taken with equal intervals, the contour
" lines are parallel to one another. The length of a part of a line
parallel to the z-axis, obtained between the successive contor lines,
say «, and that of a line parallel to the y-axis, say j3, are inversely

and so on, and

proportional to @ and b respectively. If the values of « and 3 are
measured in km on the map and the contour lines are drawn with inter-
vals of 1 em, we have

w= 1 %105 a:a_u_—_lxlo-s ]
a on &
1 ; ou 1 0
= x10"7° b=—""=-"x10"° }
# b w B

The values op o’ and b may also be obtained in a similar way by us-
ing the data of v's. The theoretical basis of this graphical method of
calculation however is the same as that of the analytical method pre-
viously mentioned.
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The values of &’s and b’s are thus calculated and, by combining

0 i
/ 6 BA B TR
.o

u,

Fig. 3b.

these values in various ways, the following strain components are ob-
tained:

rotation = %(b —a')
dilatation ' d=a+?0
shear S = %(a’ +0)

maximum shear S,.=1 (& +b)2+ (a—b")>
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principal axes of strains y,=448,,

!
their directions tan26, = ¢ +bl:
2 -

In this study, the strain components are calculated by using the
the data of horizontal displacements of the primary triangulation points
reproduced in Table I, the results being given in Table II. The dis-
tribution of dilatation, rotation, shear, and principal strains are shown
in Figs. 4~7, in which the numerical values of the strain components
are set down at the approximate centres of the corresponding triangles.

Table 1.
U v U v
Triangulation| eastward northward | Triangulation| eastward northward
point displacement | displacement point displacement | displacement
(m) (m) (m) (m)
1 0-00 0-00 8 +0:26 +0-01
2 i 0-00 0-00 9 —0-13 —0-02
3 —-0-01 +0-02 10 —0-07 —-0-12
4 +0-13 +0-17 11 —-0-17 +0-03
5 +0-04 —0-14 12 —0-45 —0-05
6 —0-26 +0-20 13 —0-10 -~0-04
7 —0-43 +0-07 14 —0-57 +0-08
Table II.
o in 106 , ‘ , s, Teferred
+, counter-| 4in 10-%|S» in 10-%7; in 10-6y in 10-6 d o b
clockwise sured counter-
clockwise
(1) 1—2—5 + 1-4 + 14 31 + 4-5 - 17 73° 4¢/
(2) 1—2—6 — 46 + 1-8 9-3 +11-1 - 75 1 45
(3) 1—3—4 + 26 —~ 64 10-9 + 4-5 —17-3 —20 50
(4) 1—3—5 + 03 + 7-0 6:6 +13-6 + 0-4 16 30
(5) 1—4—5 +11-1 - 71 19-2 +12-1 —26'3 20 50
(6) 1—5—6| + 09 ~162 191 +29 | —353 46 10
(7) 2—5—6| =— 66 —231 291 + 60 | —522 30 10
(8) 3—4—5| + 81 + 21 98 +119 | — 77 21 50
(9) 4—5—6| — 48 - 74 33-4 +26:0 | —408 44 20
(10) 5—6—7| — 06 - 64 286 +22:2 | —350 50 55
(11) 5—7— 8 - 01 —331 20-6 —12-5 . —537 72 35
(12) 7— 8—9 - 15 —24-4 296 + 5-2 —54-0 82 40
(13) 7— 8—11 + 33 —-25-1 272 + 21 -52-3 —87 50
(14) 8— 9—10 — 44 + 01 21-8 +21-9 —21-7 54 50
(15) 8— 9—13 — 40 —17-8 21-8 + 4-0 —39-6 78 .5
(16) 8—10—11 — 45 + 06 21-2 +21-8 —20-6 54 30
(17) §—11—13 - 30 —10-0 157 + 57 —257 69 50
(18) 9—10—13 + 27 - 57 65 + 08 —12:2 50 55
(19) 10—11—13 + 24 - 59 59 + 01 —11-8 51 20
(20) 11—12—13 — 4.8 - 58 167 +10-9 —22'5 79 30
(21) 11—12—14 - 57 —14-3 88 -~ 55 -231 88 0
(22) 11—13—14 - 17 — 98 136 + 3-8 —23-4 66 40
(23) 12—13—14 - 23 —-14-1 9-0 = 51 —23-1 65 40
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(2) Geographical distributions of horizontal strains.
From the geographical distributions given in Figs. 4~7, we notice
the following points.

Scale for the map
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Fig. 4. Distribution of rotation.

a) From the distribution of rotational deformation shown in Fig. 4,
it is noticed that, with minor exceptions, the rotational deformation is
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negative, i.e. the sense of rotation is clockwise, its magnitude being of
the order of 10-¢ ' g

Elongation
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Fig. 5. Distribution of principal strains.

b) From. Fig. 5, in which the distribution of the principal axés of
strain ellipses are shown, it may be suggested that the region under
consideration could be divided tentatively into three parts, namely, the
middle part where crustal deformation was most conspicuous, and the



308 ‘ M. HUKUNAGA and M. SATO. [Vol. XVI,

northern and the southern parts where the earth’s crust was not so
disturbed as in the middle part.
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Fig. 6. Distribution of maximum shear.

In the middle part, the directions of the axes of contraction of the
principal strains are approximately perpendicular to the general trend
of the Siko fault, its magnitude being of the order of 10-". In the
other parts, the magnitudes of elongation and contraction are decidedly
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small compared with those of the middle part.
¢) It will be noticed from Fig. 7, in which the distribution of dilata-
tion is shown, that throughout the region under consideration, the sign

30 41 0

Fig. 7. Distribution of dilatation.

of dilatation is on the whole negative, its magnitude being of the order
of 10-% —10-3,
d) In the above calculation it was assumed that in each of the trian-
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gular areas, the horizontal displacements are linear and are continuous
functions of z and y. It may however be questioned whether this as-
sumption is valid, especially in discussing crustal deformation in regions
traversed by active faults.

In connection with this question, the following point may perhaps
be worthy of note. The active Siko fault is a thrust fault, the amount
of vertical dislocation of which is mostly from 1 to 2m, although in
a number of places it reaches 4m. The
inclination of the thrust plane to the ver- A
tical was found to be 1502 If, for sim-  ///////////f
plicity, we assume that the upper thrust
bed overlies the lower bed without any
gap between them, as illustrated in Fig.
8, the amount of horizontal dislocation,
namely, the heave, BH, is given by

04m for AH=16m
05m for AH=20m Fig. 8.

It may therefore be concluded that, even had no horizontal contrac-

tion occurred on both sides of the fault line, the amount of relative
horizontal displacement between the two triangulation points situated
on opposite sides of the fault line becomes as much as 0-5m, which is
approximately equal to the amount of the relative displacement between
the triangulation points 5 and 6, thd actual amount of the relative dis-
placement being 04 m. as shown in Fig. 1. This fact suggests making
a restudy of the subject based on another assumption that the crustal
deformation is discontinuous in the zone that is traversed by the active
fault. This will be done by using the data of the horizontal displace-
ments of secondary and tertiary triangulation points that are distribut-
ed more densely in the same region.® A study of the crustal deforma- "
tion in this direction is now in progress, the results of which will be
published in due course.
e) In order to avoid any ambiguities in what was just mentioned,
the components of horizontal displacements parallel to the fault lines
are dealt with. Figs. 9~10 show the distributions of the components
of horizontal displacements parallel to the trends of the Siko and the
Tonsikyaku faults.

A glance at Fig. 9 will show that the amount of the component
of displacement at any triangulation point on the west side of the Siko

BH:AH-tan15°={

3) Y. OTUKA, Bull. Eartq. Res. Inst., Suppl. Vol. 3 (1936). 22~74 (Japanese)
4) The data are published by the Military Land Survey (1937). ’
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fault is equal to that of the triangulation points situated on the east

side of the fault. In Fig.
10 it is pointed out that, in
the eastern part of the Ton-
sikyaku fault, the compo-
nents of horizontal displace-
ments parallel to the fault
line are independent of the
distance from the fault, so
that the general trend of the
contour lines of displacement
components is in a N-S di-
rection.

III. Vertical Displacements.

The changes in the Fig. 9. Distribution of components of hori-

heights of bench-marks on zontal displacements parallel to the trend of
‘ Siko fault.

the line of levels from Kiirun

to Musya are shown in Fig. 2.
The vertical displacements are mea-
sured with reference to B.M. 11,
situated at Kiirun, whose height
is assumed unchanged during the
period from 1915 to 1936. As will
be seen from the diagram, there
are two elevated bulges near Byo-
ritu and Toyohara, where the in-
tensity of the earthquake was also
reported as severest, the maximum
elevation in these regions amoun-
ting to about 80 c¢m.

As reported by Nasu,” most
of the epicentres of after shocks
are located within certain limited
areas, as shown Fig. 1. It will be
noticed from this figure that the
region where the epicentres of the

Fig. 10. Distribution of components
of horizontal displacements parallel
to the trend of the Tonsikyaku fault.

after-shocks are concentrated is very close to the elevated region, a fact
that agrees with the general tendency pointed out by Ishimoto® that

5) N. Nasu, Bull. Earthq. Res. Inst., Suppl. Vol. 3 (1936), 75. (in Japanese)
6) M. IsHIMOTO, Zisin, Vol. 9 (1937), 108. (in Japanese) ‘
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the epicentres of after—shocks distribute themselves mostly in regions-
where the earth’s crust has been elevated.

It will also be seen from Fig. 2 that there are remarkable dis-
continuities in the vertical displacements at the northern and southern
ends of the region of up-bulge near Byoritu, namely, between B.M.’s
9586 and 9987, and between B.M.’s 9589 and 9592. Discontinuities in
the vertical displacements are also noticed near Naiho-syd, between B.
M.s 9740 and 9742. Although the amount of dislocation at these dis-
continuities are approximately the same, an active fault was found only °
between B.M.’s 9740 and 9742,

IV. Relation between Horizontal and Vertical Displacements.

We have so far treated the horizontal and vertical displacements
of the earth’s crust separately. We shall now deal with the relation
between the two components, the horizontal and vertical earth move-
ments. We first-introduce the quantity ‘“local disturbance of vertical
displacements”, or, shortly, vertical disturbances, defined as follows.
Let w, be the change in the height of the n-th bench-mark, and take
the quantity

. an=wn-wm
where

1
wﬂ. Z{ -1 + 2%01» + wn+1}

The vertical disturbance in a certain region is then expressed by
' 1 N
s Y‘,O" b
I

where N is the total number of bench-marks in the region in queastion
and X the summation over N bench-marks. -The physical meaning of
this quantity will be explained later.

Second, we take as the “horizontal disturbance” between any two
triangulation points, the amount of elongation or contraction in length
in the direction of the line joining the two triangulation points, name-
ly, the quantity denoted by |6l}/l, where ! is the length of the line
joining the triangulation points and ¢l the variation in its direction.

In comparing the vertical disturbance with the horizontal distur-

bance just defined, the values oflivzlrm are calculated for parts of

the line of levels approximately parallel to the line joining the two
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triangulation points. The values of%Z[&J are thus calculated for six

parts of the line of levels under consideration, the results being given
in Table III, together with the values of the horizontal disturbances.
In Fig. 11, the vertical disturbance for various parts of the line of
levels thus calculated are plotted against the corresponding horizontal
disturbance.

Table III.
No. | BTSN o | o S| B | | 2l |
n mm
I 1~ 3 15 +0 +0-0 | 9560~9567 8 85 11
11 3~ 5 32 +11 +34 | 9568~9586 | 19 87-0 44
111 5~ 8 27 -2 —7-4 | 9587~9739 | 16 1085 | 68
v 8~10 23 +92 +9:6 | 9740~9493 | 13 33+4 2%
A 9~13 20 +0 | +00 | 9494~9500 7 4-2 6
VI | 13~12 40 —35 —88 | 9501~4 o5 1993 | 77
As will be seen from this ]
figure, the horizontal disturbances WZM
and the vertical disturbances are 20 imnm v
in approximate linear relation, :
and the former is large when
the latter is large. There is 60
a point (IV) in the diagram
of Fig. 11 which deviates con-
siderably from the approximate %0
linear relation. This shows the
relation between the two sorts 20 v
of disturbances for fhe part of
the line that crosses the Siko :
fault. |
It is of course a question G107® $ .10 'élll
whether the linear relation men- [ e for af>o0
tioned above has really any o for al<o
physical significace. However, if Fig. 11. Relation between horizontal
the linear vrelation mentioned and vertical disturbances.

above really exists, the following may be one of the explanations for it.

Consider an extreme case in which the vertical displacements are
expressed by a circular function of the number of the bench-marks,
7, namely,
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w,=A sin(%[—-n + ao) , (1=2, n= 1, 2,-cnen N)
we have
W, =- 1-~<1 + cos -2—'T—>w,,,
2 2
0,= —1—7(1 — c0S ET_)u;“,
2 A
and
1 1 ( 27r>
=6, =-—-A1—cos==)- 3w, |.
NZ [9,] SN 5 2w,
And since

N
o, | =A-2Isin(—2;—n+ao)]
n=1 A

=A ?ﬁj?sin xdx
Z 0
=A2N
A

the vertical disturbance for this case is given by
‘ZIVE [6,] = (1 — COS——~) i‘[’"“"%}

The effect of 2 on the vertical dis-

turbance is therefore expressed by
}-(l—cosz—”).
A 2
Table 1V.
1 Com
A 7(1——0057>.
2 100
3 050
4 0-25
5 014
6 0-08
7 0-06
8 0-04
In Table IV, will be found the Fig. 12.

amount of %(1—cos£> for various values of A The function
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)l(l—cosg is plotted against A as shown in Fig. 12.
As shown in Fig. 12, the amount of %(l—cos%}z), consequently
%2]6,,[ in this extreme case, decreases rapidly with increasing A

Should the foregoing consideration for the extreme case be applied
in explaining the actual deformation, it is possible to conclude from the
linear relation between the horizontal and the vertical disturbances, as
shown in Fig. 12, that, except for the region traversed by active faults,
the greater the horizontal disturbances, the smaller the value of 2, as
in the case of wave-length when the amplitude of fluctuation in ver-
tical or horizontal disturbance is kept constant. ~Should, in this case,
the wave-length of the assumed wavy deformation be constant, the
amplitude would naturally become greater.

Y. Summary.

The results of the present study are summarized as follows;
(1) From the results of re-triangulation of the primary triangulation
points in the central part of Taiwan, where the destructive earthquake
of 1935 occurred, the horizontal strain components are calculated for
each triangle having three adjoining triangulation points at their ver-
tices. The geographical distribution of rotation, dilatation, shear, maxi-
mum shear, as well as the principal strains, are shown.
(2) The mode of deformation is discussed on the basis of two dif-
ferent assumptions. The one that the deformation is continuous in the
zone of active faults and the other that the deformation is disconti-
nuous there. '
(3) In that region where the epicentres of the after-shocks were con-
centrated, the earth’s crust was elevated in a marked manner, as it had
already done in other districts. ' '
(3) A linear relation between the horizontal and the vertical distur-
bances was noticed, and its physical meaning considered.

In conclusion, the writers wish to express their sincere thanks to
Professor Sakuhei Fujiwhara for his suggesting the subject for study,
and to Doctor Naomi Miyabe for much information and kind guidance
received throughout the course of this study.
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