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ABSTRACT

Miocene tuffaceous rocks are developed at the foundation and adjacent ground of the Nanakita Dam in
Miyagi Prefecture. During the detailed surveys for the construction of the dam, a large number of open cracks
and clay veins were found in tuff breccia and sandy tuff, respectively. In addition, formation of open cracks
was observed in the sandy tuff at the time of Miyagi-ken-oki Earthquake on June 12, 1978. Since these open
cracks and clay veins will surely cause serious problems for the dam foundation, detailed investigations have
been carried out on the formation processes of these geological phenomena, and appropriate foundation
treatments have been performed during the construction based on the results obtained.

Shear fractures in the tuff breccia and extension fractures in the sandy tuff were concluded to be formed
under the paleostress field at the period of late Tertiary. The direction of the principal compressive stress axis
of the paleostress field was estimated horizontal and N77°E which well coincides with the direction of E-W
compressive stress field of the late Miocene to Pliocene ages. The latter is commonly recognized in the
southern part of the Tohoku District. It is concluded that the difference between the shear fractures and
extension fractures is attributable mainly to the differences in the confining pressure and the mechanical strength
of the respective rocks caused by the overlain sediments. Shear fractures in the tuff breccia became gradually
open cracks by weathering process, mainly due to the groundwater agents. Extension fractures in the sandy
tuff, on the other hand, became clay veins by deposition of clay materials suspended in ground water. This
difference probably originates from the difference of resistivity against weathering.

As the result of proper foundation treatments, the dam has been confirmed as a safe structure with no
problems for the past four years.
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tion of tuffaceous sandstone and mudstone, thin tuff bed,
tuff breccia, tuffaceous sandstone and sandy tuff from the
lower to the upper layers. A number of clay veins were -

I. INTRODUCTION

Miocene tuff breccia characterized by the develop-

ment of numerous open cracks is developed in the
investigated area, i.e., occupying more than 60 percent of
the foundation area of the Nanakita Dam in Miyagi
Prefecture. The tuff breccia is overlain by the alterna-

observed in the sandy tuff. In addition, numerous frac-
tures were characteristically formed in the sandy tuff by
the Miyagi-ken-oki Earthquake (5 JMA scale) on June
12, 1978.
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These open cracks, clay veins and fractures formed
by the earthquake have caused quite serious problems for
the construction of the dam. Therefore, it was indis-
pensable to improving the geological conditions for con-
structing a dam. On encountering these alarming geolo-
gical phenomena, countermeasures were cstablished in
accordance with respective defects, and the dam founda-
tion was stabilized through appropriate engineering work.

Except for the fractures formed by the earthquake,
the open cracks and the clay veins were produced by
definite geologic process. Shear fractures in tuff breccia
and extension fractures in sandy tuff were formed under
the same paleostress field. Later, both fractures were
subjected to groundwater agent, and as the result, the
open cracks in the former and the clay veins in the latter
were formed respectively.

Hirayama et al. (1965) reviewed the analysis method
of stress fields, citing many actual examples. Among
various methods, small fault, dike and joint methods are
important in practice. Concerning the small fault
method, the following researches should be mentioned:
researches by Gzovskii (1954), Kakimi et al. (1966),
Kodama (1968), Kinugasa et al. (1969), Mitsui (1971a, b},
and Yokota (1974a, b), and the studies of Nakamura et
al. (1975), Takeuchi (1977, 1978, 1981), Kobayashi et al.
(1978) on the dike method. Furthermore, regarding a
method combining the joint method and others, there are
the works of Kitamura (1962), Hoshino (1965), Mitsui
(1971a), Hirano (1969), Yokota (1974a, b), and Kimura
(1980). The method for the estimation of paleostress
fields used in the present study does not correspond
directly to any of the above methods, however, eclectic
one of the three methods. The paleostress field in the
arca of the Nanakita Dam site was examined based on the
geometrical analyses of both shear fractures and exten-
sion fractures, using the method established in the present
study. :
Nanakita Dam is located at a place approximately 17
km northwest of the center of Sendai City and is a rockfill
dam of 74m in height and 2.682X10°m? in volume
having the purposes of flood control, irrigation, and city
water supply. Construction work was finally completed
in 1984.
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II. ToroGrRAPHY AND GEOLOGY IN SURROUNDINGS
OF THE NANAKITA DAM

The Nanakita River on which Nanakita Dam has
been constructed rises from a volcanic mountains with
height of 800 to 1,000 m such as lzumigadake, Kurohana,
and Kokura, and runs down through elevated tablelands
or river terraces with 300 to 400 m altitude. In the
vicinity of Nenoshiroishi in the city of Izumi, the river
grows gathering tributaries passing through elevation
tables with about 100 m height, and meanders in the
cast-southeast direction and goes down to the Sendai
alluvial plain with the altitude of less than 50 m, and
passes the northeast part of Sendai City flowing into the
Pacific Ocean. The location of Nanakita Dam is shown
in Fig. 1.

The geology of the area is composed of Tsunaki,
Yumoto and Shirasawa Formations of Miocene age from
the lower to the upper. The Tsunaki formation is in
fault contact with the Yumoto Formation and the fault
runs in the NE-SW direction roughly through the middle
part of Nanakita Reservoir. That s, the Tsunaki Forma-
tion distributes on the west side of the fault and the
Yumoto Formation overlain by Shirasawa Formation on
the east side. All of these sediments are overlain by
mudflow, marsh, terrace and landslide deposits of Qu-
aternary age.

The geological map and its profile revealed by the
present research carried out in relation to the construc-
tion work of the dam are shown in Figs.2 and 3,
respectively.  The Yumoto Formation is overlain by the
Shirasawa Formation. The Yumoto Formation is com-

posed of sandstone, tuffaccous sandstone, tuff, tuff brec-
cia, dark gray tuffaceous sandstone, tuffaceous sandstone
and mudstone alternations, tuff, and a thin bed of tuff
breccia from the lower to the upper. These are super-
posed conformably with each other, and extend all over
the investigated area except for some partial thin layers.
All of these sediments except the first two, were observed
at the foundation surface of the dam during construction
excavation. As shown in Fig. 2, tuff is distributed in the
vicinity of the downstream end of the dam foundation and

- tuff breccia widely from the middle portion of the dam

foundation into the left and right banks. The upper

. members of the rocks are distributed at the parts of the

left and right bank slopes. .

The Shirasawa Formation is composed of alternation
of tuffaceous sandstone and mudstone, tuff, and sandy
tuff from the lower to the upper. These are also super-
posed conformably and show good continuity. These
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rocks of the Shirasawa Formation were all exposed at the
surface of the dam foundation, and distributed approx-
imately horizontally from the upstream side to the down-
stream side at the upper part of the right bank slope of the
dam foundation.

These two formations at the dam foundation and its
vicinity trend NE-SW and dip at low angle of around 10°
from the left to right abutments of the dam. The rocks
distributed over the widest areas at the surface of the dam
foundation are tuff breccia in the Yumoto Formation and
sandy tuff in the Shirasawa Formation.

III. OpPeN CRrACKS

Development of open cracks in the investigated area

Location map of the Nanakita Dam.

is limited to the tuff breccia of the Yumoto Formation and

some part of the overlain tuffaceous sandstone-mudstone

alternation and tuff. The tuff breccia contains rubbles of

mudstone, tuff, tuffaceous sandstone, and sandstone of

various size up to 20 m in diameter. Such tuff breccia

characterized by large rubbles is termed “pyroclastic
- rubble flow” by Shibata (1962).

Open cracks have been found at 23 places in the tuff
breccia during excavation of the dam foundation. At
several places, development of swarms of the cracks were
observed, so that the total number of the cracks reach a
considerable number (see Fig. 4). The maximum width
of the open cracks was more than 1 m, and the smallest
one was several centimeters. Some were as much as 20
m in length. Although the mode of occurrence of the
cracks varies considerably with each other, it can be .



mudstone.

divided into the following six types.
a) Type A Open Cracks

(1) The cracks were all slender, the walls on both
sides had irregular and crooked surfaces with different
orientation, i.e. no parallelism has been confirmed be-
tween both sides and reconstruction of the original form is
almost impossible.

(2) All of the open cracks become tight more and
more to the ends and finally disappears.

(3) At the ends of the open cracks, clay materials
derived from the wall rock were found in the places
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preserving the original texture.

In view of the above facts, it might be concluded that
type A having these features were formed by washing out
the original materials along fractures.

b) Other Open Cracks

Type B open cracks were found immediately above
the Type A in the alternations of tuffaceous sandstone
and mudstone and the tuff which overlie the tuff breccia.
These open cracks were not appeared as smooth straight
lines, but were of extremely irregular shapes, as if rock
masses had been piled up without any order and the
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boundaries between the rock masses had remained as
open cracks. None of materials such as weathered coun-
try rocks were observed anywhere in the open cracks.
Consequently, it is concluded that the Type B were
formed as the result of propagation of Type A to the
overlying sediments by earthquake.

Type C open cracks were distributed in the zones in
which Types A and B developed and in tuff breccia
adjacent to the zones. Both sides of walls of the cracks

were parallel with each other and restoration of the
previous conditions was possible. Soft weathered mate-
rial of wall rock was not held anywhere in these open
cracks. Therefore, it is considered that the Type C were
formed by the bedrock shifting toward open cracks of
Type A due to earthquake.

Type D open cracks were found in the tuff breccna
with frequency of 20 to 30 per about 1, 000 m?’.
Although the walls of these open cracks were not even,

TABLE. 1. OPEN CrACKS FOUND IN THE TUFF BRECCIA.
'lzrp:cff Number Genesis Location
1¢2+3¢4+5 a part of | Weathered soft bedrock material along fracture has | Zone from intake to spillway, and further, cutting
A 6+a part of 10-a | been washed away by ground water, the fracture | diagonally across dam axis toward dounstream area
part of 11+13+14+17 | having been formed by crustal stress at the time of | and connecting with center of dam foundation 50m
0180192122023 late Tertiary. downstream from dam axis.
Falling down of rock mass into Type A opencrack due
B 9ea part of 10 to earthquake and propagation of L ing along Type f;lomn;al portx;m alﬁd on slopes of both sides in the
A open crack in tuff breccia to overlying stratum. pper stream of spilway.
A part of 1112 Movement of bedrock toward Type A open crack due|,. . .
c A part of 13+15¢16 | to earthquake. Vicinity of Type A open crack.
. Left bank terrace table between 80m and 150m from
D Greater part of 6 | Deflection of bedrock toward river due to earthquakel dam axis in the lover stream.
Movement and settlement of bedrock due to earthquake . . .
E No number after washing away of soft weathered material by Otld nverf ‘:;d In range of 30 to 70m in the upper
ground water along fracture. stream o m axis.
F No number Creep of bedrock due to earthquake. Leftbank slope at spillway stilling basin.
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both sides were almost parallel with each other and it was
possible to reconstruct the original tight condition. Soft
weathered material of the wall rock was not sandwiched
anywhere in the cracks, Therefore, it can be said that
Type D open cracks were formed when the bedrock with
potential cracks was deflected toward the open space of
the river due to earthquake.

Type E open cracks were found in tuff breccia at the
river bed in the bottommost part of the dam foundation.
Numerous open cracks were intertwined showing an
irregular web pattern with parts of the open cracks which
was filled with weathered material of the wall rock and
sand-gravel. Consequently, it scems that the Type E
were formed by settling rock masses due to earthquake
toward gaps. Weathered materials of bedrock filling the
cracks were washed away by groundwater agency.

Type F open cracks were found in tuff breccia all
over the left bank slope in the vicinity of the spillway
stilling basin. These open cracks were in the form of
rock masses surrounded by open cracks with parts con-
taining soil deposits that had fallen in. Consequently, it
seems that the Type F were formed by creep of bedrock
induced by earthquakes. _

As described in the foregoing, the open cracks other
than Type A had their origins in Type A or potential
cracks and were formed due to earthquake, and were
caused differently from Type A. The main open cracks
in the district are shown in Fig. 4 and Table 1.

IV. CLaY VEINS

Clay veins of various size are commonly observed in
the sandy tuff of Shirasawa Formation. The sandy tuff is
massive and is composed of volcanic glass, quartz, feld-
spar, pumice, and clay minerals. The rock is uniform

soft with value of unconfined compressive strength of 7
kg/em?. The bedding planes measured by carbonaceous
bands are roughly N45° to 60°E with dipping of about
10°SE.

About 160 clay veins were recognized at the right
bank slope of the dam foundation. These veins were
confirmed at outcrops, in adits and on trench excavations.
The veins were either concentrated at spacings of about 2
m or with intervals of 20 m or more. As is shown in Fig.
5, orientation of the clay veins is concentrated in the
direction of strike N77°E and dip 79°NW. Accordingly,
they are roughly perpendicular to the bedding plane of
the sandy tuff. The length of the clay veins ranges from

Fic. 5. Distribution frequency of clay vein.

several meters to 20 m and the thicknesses are mostly in
the range from 1.1 to 5.0 mm as shown in Table 2. In
general, those less than 3 mm in thickness consisted of
brown clay material, whereas larger ones contained frag-
ments of country rock. Some typical occurrences of
these clay veins are shown in Plate e.

TABLE. 2. THICKNESS FREQUENCY OF

CLAy VEIN,

Thicknoss (mm) Number Ratio(%)
Belowl.1 28 16
1.1~5.0 47 30
5.1~10.0 30 1

10.1~50.0 45 28
50.1~100.0 8 5
over100.0 3 2

Total 159 100

light brown

4 f ragment of
clay material

wall rock

fragment of
wall rock
blank

24zx

wall rock
(sandy tuff) wall rock

(sandy tuff)

Fi1G6. 6. Schematic illustration of clay
vein (No. DRT-6, Exploratory
Tunnel). Note that small
fragments of quartz or plagioc-
lase are included in the vein,
Clear boundary between the
clay vein and the wall rock is
characteristic.

Fig. 6 shows microscopical occurrences of numerous
fragments of quartz and feldspar in light brown fine
grained clay material. These mineral fragments are
mostly angular, but in some places somewhat rounded
fragments are also recognized.  Under the polarizing
microscope, flow texture is observable in the clay material
asshown in Plate d.  Signs suggesting shear stress are not
recognized at the boundaries between clay vein and wall
rock and as well as the clay veins. Characteristics of the
clay veins together with the results of X-ray diffraction
and electron microscopy are given in Table 3.

Microfossil analyses were made on the bluish gray silt
collected at the vicinity of the hamlet of Kitayazi (see Fig.
1) and clay material of veins. The results are given in

&I-E_995m

yellowish brown ~ dark brown vein

clay material @ sandy tuff

yellowish brown *) en

clay material
sandy tuff ~ yellowish brown
clay material

Fi. 7. Schematic illustration showing sampling localities of
various clay veins. '
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TABLE. 3.

MINERAL CoMPOSITION OF CLAY VEIN AND WALL TABLE. 5. List OF POLLENS.
Rock. -
Clay Vei BluishGlay
Spo':‘i,rrxon No Elutriated Elutristed Remarks Namo ay vein Silt ’
. Elil;lll: ;:!{ allophane is assumed from lh;ix'lny
rt iffracti ttern, although no distinct H —-
B el SN et o e Abies 20
sllophane(?) al-:tron ol:u:oceow. nothing typical seen and close Tsu ga — 15
to imogolite, .
Picea . - 11
quarts . A
bRt | 3| Hemeit | omectite Larix—Pseudotsuga - 14
[T |rimmmm | | D008 SnE0T- Hoploxylon - 10
metahatloysite allophane(?) smectite than metahalloysits. gl rlms (Unknown) ) —_ 6
4 " allx ' —_ 1
|t il Juglans - 1
quarts
1 [plssiocese slophane(t) Betula - 1
smactite(?) ) Alnus . 19
quarls allophane(?) Dotermination dif fieult due to small quantity of diay . .
2 iocl smectite(7) v o —
sagiocuse, dmectitat) mineral. gg:;tég: :ubgen . Lepidobalanus i
Hemectite smectile -
DRT-S | 3 | xaotinite(n) memt || fmrommommmmomemmmsemee e Ik ey
quarts - Polygonum sect. Reynoutria - 1
N Ericwery smetite Thalictrum - 2
s mcite Umbelliferae - 1
- ite v .
5 | amectite et Artemisia - 3
" smoctite Carduoideae - 1
ORTS | 1 R te m’,:';::{f"‘" DR ECE LY CERTEEIES
Halloysite with talline state is observed -_—
2 | ophare() | v lorenisye. Matera sureed Unknown 1
plagiociase tobosmectiteisexistedinpart. | = frmec-T-esscmececcscsccscnerecbecacccsadescnneoa
Lycopodium - 9
Notes : 1.Material marked *aliophane(2)® began to present pink color 0.5 ta 1 br.after dropping of phenolphthatein and Osmunda ’ - 1
bocame bright pink seversl hrs, to 12 hrs. later. .
2. Asterisks (X) indicats the material of low degres of I the C-sxie direction s other Pteridophyta - 14
ood.
a.;:,:cm. awells from 16A to betwoen 17,6 and 18A uponethylene glycol treatment. . U i St Ity
4.All marked “allophane(?)” are not typical and thought to be intermediate between allophane and imogolite. A r borcu l p olle n 0 100
Nonarboreal pollen . 0 8.
: Unknown : ©0 1
TasBLE. 4. LisT oF DI1aTOMS. Fern spores 0 24
VT
: T Gisy TOTAL 0 133
Specics Name Clay Vein it

Achnanthes lanceolate (Breb.) Grunow
Achnanthes microcephala Kuetzing

Amphora ovalis var. affinis (Kuetz.) V.Heurck
Cymbella minuta Hiles ex Kabh ’

Diploneis ovalis (1ilse) Cleve

Eunotia exigua (Breb.) Grunow

Eunotia pectinalis var. minor (Kuetz.) Rabenhorst
Eunotia praerutpa Ehrenberg

Eunotia veneris (Kuetz.) De Toni

Fragilaria brevistriata Grunow

Fragilaria construens var. venter (Ehr.) Grunow
Fragilaria elliptica Schumann

Fragilaria lapponica Grunow

Fragilaria leptostauron var. dubia Grunow
Fragilaria pinnata Ehrenberg

Fragilaria pinnata var. lancettula (Schum.) Hustedt
Fragilaria virescens Ralfs

Gomphonema angustatum var. producta Grunow
Gomphonema lingulatum Hustedt

Hantzschia amphioxys (Ehr.) Grunow

Melosira cf. distans (Ehr.) Kuetzing

Melosira gulanylate (Ehr.) Ralfs

Melosira gulanylate var. angustissima Muller
Meclosira italica (Ehr.) Kuetzing

Meridion circulae Agardh

Navicula clementis Grunow

Navicula cocconeif ormis Gregory

Navicula contenta Grunow

Navicula contenta fo. biceps (Arnott) Hustedt
Navicula contenta fo. parallela (B.Petersen) Hustedt
Navicula pseudoscutiformis Ifustedt

Ncidium iridis (Ehr.) Cleve

Pinnularia subcapitata Gregory

Rhoicosphenia curvata (Kuotz.) Grunow
Rhopalodia gibberula (Ehr.) O.Muller

Synedra parasitica (W.Smith) Hustedt

Synedra rumpens Kuetzing

Tabellaria flocculosa (Roth) Kuetzing

mlllawlewpl ol ool m !l wl oomaomoes | m-——- ! -

lmmem gl oo m | mew I BBl rpe ol ool ol wlololme

Marine Water Specics 0 0
Marine to Brackish Water Species 0 0
Brackish Water Species 0 0
Fresh Water Species . 101 126
Total Number of Diatoms 101 126

Tables 4 and 5. As is shown in Table 4, diatom fossils
indicate lacustrine sedimentary environment. On the
other hand, pollen fossils (Table 5) did not exist in the
clay veins at all, but only in the bluish gray silt. Color of
clay veins are brown as the result of advanced weathering,

and by this process pollen fossils might had been des-
troyed. :

Thus, it may be concluded that the clay veins have
been formed by filling with fine grained clay material of
weathered rock transported from the bottom of a lake
through the ‘existed fissures. Suspended micro-
organisms in the lake water together with fragments of
sandy tuff and rock forming minerals were also derived
from the same lake.

V. FrACTURES IN SANDY TUFF CAUSED
BY EARTHQUAKE

The locations where fractures produced by the
Miyagi-ken-oki earthquake were as follows.

(1) The whole area of the right bank from the
upper part of the slope to the peak.

(2) The vicinity of the right bank relocated road
shoulder. ' ‘

(3) The surface of the unexcavated table.

(4) The interior of a test adit (DRT-6).

(5) A single fracture of maximum width of 5cm
running approximately 60 m in the upstream direction on
the surface of relocated road at the right bank, on the
upstream side of the unexcavated table(see Plate b).

Of these, the fractures of (1), (2), and (3) were
accompanied with height difference between their two
sides. At the tops of slopes, the tops had sagged down
toward the road, and at the mountainside bulging had
occurred.  All of the fractures were extremely crooked.
Based on these features, it can be concluded that the
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fractures of (1), (2), and (3) were due to creep movement
of surface layers of slopes caused by the earthquake.
The fractures of (4) and (5), however, were different from
those due to creep movement. This fracture (5) was
filled with neat cement grout. Later, the downward
continuity was investigated by a large number of diagonal
boreholes drilled from the surface of the road toward the
filled fracture. The result clarified that the fracture was
roughly vertical going down 14 to 15 m from the surface.

There were several geological exploration adits in the
sandy tuff, and so far as the investigations in these adits
were concerned, there were several open cracks less than
1 mm in width that had not become clay veins. Five
years had elapsed at the exploratory adits after excavation
until the Miyagi-ken-oki Earthquake, but the condition of
the open cracks had remained unchanged from the time
of excavation of the adits, and they had not been closed.
Consequently, at least in a S-year time span there was no
autogenous healing action of the fractures. Since spring-
ing of water from these small open cracks was not seen
even when it rained, the cracks might not continue to the
ground surface. Consequently, these small open cracks
were thought not to be earthquake-induced fracture, but
fractures that had been produced at the same time as the
formation of clay veins. Accordingly, it may be consi-
dered that there had not been autogenous healing action
for closure of the fractures in the sandy tuff even during a
long period of time. Therefore, only several small frac-
tures with width of less than 1 mm and those produced by
the Miyagi-ken-oki Earthquake were penetrating deep
into the sandy tuff body. In addition, no fractures had
been produced in the past earthquakes.

VI. BeHAvIOR oF GEoLoGIC BopiEs UNDE
PALEOSTRESS FIELD :

A. ORIGINAL FRACTURES OF TYPE A AND CLAY VEIN

It has been stated previously that open cracks other
than Type A had been formed by earthquake relating to
Type A or potential very small fractures, and not due to
crustal stresses. However, the fractures that are the
origins of Type A are not simple cracks but has fairly
complex structures. They are not formed by simple
rupturing but have been produced by crustal stresses.

Based on the characteristic mode of occurrence and
the zonal distribution in the N72°W direction of type A
open cracks as well as on the slightly curved smooth lines
of the fractures, it may be concluded that the original
fractures of Type A were formed by shear stress under a
high confining pressure of a considerable load. Stress
which causes fractures in soft rock without lateral move-
ment is tensile stress. But the facts that the clay veins
had the prominent trend of N77°E 79°NW, and a large
number of clay veins are arranged in parallel in a broad
area, cannot be explained by simple tension. Therefore,
the original fractures of clay veins have been formed
under the paleostress field as extension joints which have
grown gradually to the open cracks.

Under the same paleostress field, shear fractures
were formed in tuff breccia and extension fractures in
sandy tuff. The difference in confining pressures when
these two kinds of fractures were formed may correspond
to thickness of approximately 30 m of stratum, i.e., the

value is well coincide with the sandwiched stratum be-
tween the two rocks, as shown in Fig. 3.

The unconfined compressive strength of the tuff
breccia is 70 kg/cm? as mentioned previously, while that
of the sandy tuff is 7 kg/cm® Such slight difference in
confining pressure and mechanical strength were the main
reason why shear fractures were formed on the one hand
and extension cracks on the other.

B. ANGLE orF INTERNAL FricTioN oF TUFF BREcCCIA

The direction of the maximum principal compressive
stress caused the extension fractures in the sandy tuff
should coincide with the direction of the strike of clay
veins. The direction, as shown in Fig. 5, is N77°E. On
the other hand, the original fractures of Type A open
cracks in the tuff breccia were produced by shear resulting
a zonal concentration of open cracks in the direction of
N72°W. The relation between the two directions is
shown in Fig. 8. Since the direction of strike of the clay
veins coincides with the maximum principal compressive
stress axis, the angle of internal friction ¢ of the tuff
breccia will be

¢=90°—-26=28°

where, 0 is the angle between the shear plane and the
maximum principal compressive stress axis.

P

shear angle

FiG. 8. Oricntation relations between
open crack and clay fracture.

C. AGE oF PALEOSTRESS FIELD

After the formation of original fractures of the Type
A open cracks, the following process should have pro-
ceeded.

(1) Uplift movement and erosion of ground sur-
face.

(2) Progress of weathering along fractures.

(3) Washing out of weathered material by ground
water.

The entire duration of the Quaternary Period up to
the present is probably required for such a process to take
place. The fact that the direction of the clay-vein is
perpendicular to the bedding plane suggests that these
fractures have produced before inclination of the entire
dam foundation roughly 10° to the southeast, as shown in
Fig. 3.

The strata shoud be horizontal when the clay-vein
fractures were produced and the direction of the max-
imum prinipal stress axis at that time was parallel to the
clay-vein fractures, and was horizontal. In the same
way, the direction of the minimum principal stress axis at
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that time would have been perpendicular to the clay-vein
fractures, and was also horizontal. The intermediate
principal stress axis was in th direction of gravity. If the

direction of gravity coincides with the direction of mini-
mum principal stress, the clay-vein fractures may have
been prouduced horizontally. Consequently, when the
clay-vein fractures formed, considerably thick strate
should overlie the sandly tuff to act as a top road (see Fig.
9). Until the present topography has formed, a con-
siderable long period such as whole Quaternary may be
required because the thick sediments should be eroded
out by weathering. Thus, it is concluded that acting
stage of the compressinve stress formed the original
fractures of the open cracks and clay veins is at the late
Tertiary.

VII. BEeHAvior oF GEOLOGIC BopIES UNDER
GROUNDWATER ENVIRONMENT

By erosion agency, the strata overlain the sandy tuff
were removed from the surface, and a fresh-water lake
was formed on the eroded surface. The diatom fossils
found in the clay veins are of identical to the diatom
fossils in the silt distributed in the vicinity of the Kitayaji
hamlet (see Fig. 1) approximately 70 m higher than the
dam site. All of these fossils are fresh-water lacustrine
species and no marine species is found. Consequently,
the clay materials suspended in ground water were trans-
ported from the bottom of the lake existed in the vicinity
of the Kitayaji hamlet into the extension fractures in the
sandy tuff. Micro-organisms in the lake water were also
transported together with clay materials and rock frag-
ments of sandy tuff flowing into fractures. The ground
water went down further into the Yumoto formation of
about 30 m thickness, i.e., through the alternations of
tuffaceous sandstone and mudstone, and the thin layers of
tuff, tuff breccia, and tuffaceous sandstone and finally
reach the underlying tuff breccia (see Fig.3). To be
noted is that a fracture zone in the tuff breccia have
received the erosion agency of the ground water. The
fine grained soft material in the fractures was removed by
ground water together with the surface water passing
through the sandy tuff resulting the fractures changes to
open cracks.

In such a manner, ground water has played the most
important role for the formation of clay veins in sandy tuff
on the one hand and in the tuff breccia open cracks have
formed on the other.

VIII. CONSIDERATION

A. OriGINAL FrRACTURES OF TYPE A OPEN CRACKS

In spite of detailed observations in many exploratory
drills, none of the significant evidence for the cause of
cave-in was found. The open cracks occurred as a zone
with an orientation of N72°W, and no evidence indicating
lateral movement as the cause of the fractures in the
overlying strata of the tuff breccia was confirmed.
Furthermore, any movement under high confining press-
ure at the time of crack occurrence is not conceivable.
Therefore, formation process of the open cracks can not
be explained only by simple tension. That is, the fact of

a single arrangement of the open cracks can not be
reasonably explained by extension. Consequently, the
original fractures of Type A open cracks can not be
considered to have been formed by simple tension or
extension.

Furthermore, it is impossible for any stress that has
caused shear fractures only in the intermediate tuff brec-
cia and not in the overlying rocks including the sandy tuff
and the underlying rocks including the tuff. Shear stres-
ses have acted on all of the strata in the district, but
depending on the differences of the physical properties of
the respective rocks the way of fracturing is completely
different. '

B. FoRrRMATION ProcEss oF CLAY VEINS

The facts that clay veins show certain preferred
orientation and the geologic structure dips toward the
right bank with a gentle angle of around 10° suggest that
the original fractures of clay veins are not produced by
lateral movement such as shrinkage and rock slides.
One possibility is that the fractures may have produced by
movement of bedrock by earthquakes. However, by the
Miyagi-ken-oki Earthquake, fractures were formed only
in sandy tuff. That is, formation of the fractures of (4)
and (5) with character of almost vertical extending to 14
to 15 m depth, was a very special phenomena.

The reason is probably due to the difference of the
environmental condition between past earthquakes and
the Miyagi-ken-oki Earthquake. The main differences
are 1) the sudden relief of stress due to removal of the
great amount of load through excavation for construction
of the relocated road, and 2) the characteristic configura-
tion of the ground surface formed as a result. With
overlapping of these conditions, initial fractures were
opened along clay veins by the earthquake and not to
have been restored to their former states because of the
plastic deformation. Therefore, the original fractures
for the clay veins were not formed by lateral movement of
the bedrock caused by earthquake.

Detailed geological reconnaissance of an area of
approximately 40 km? in the vicinity of the Nanakita Dam
site have revealed no features indicating thermal effects in
the various rocks so that warping due to intrusion of
igneous rocks is not conceivable.. Fault system caused by
intrusion of igneous rock as pointed out by Withjack
(1979) is not found in the investigated area. Evidence of
folding is not confirmed even at the boundary of various
geologic units as shown in Figs. 3 and 9. Although clay
veins are commonly distributed in the surveyed area, it
could not be a main reason of the ground cave-ins lie
latent underground in such a broad area.

C. PALEOSTRESS FIELD AND BEHAVIOR
ofF GEoLoGIC BoDIES

Although it is not easy to differentiate shear fractures
and extension fractures (Hirano, 1971), the two were
distinguished at the foundation of Nanakita Dam. That
is, shear fractures in tuff breccia and extension fractures
in sandy tuff have been confirmed as the result under the
same compressive stresses. The direction of the max-
imum principal compressive stress axis is N77°E, and the
direction roughly coincides with Takeuchi’s (1981) P type
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stress field with E-W compressive axis at the period from
the latter half of the late Miocene to the Pliocene.

Even under the same conditions such as temperature
-and hydrostatic pressure, each lithologic body with diffe-
rent characters is deformed differently. Similarly, the
same rock will be deformed differently under different
conditions (Kimura, 1973). In addition, one geologic
body behaves differently under stresses depending on
age, region, and furthermore, depth of burial (Koide et
al., 1971). In case of brittle failure, tension fractures
appear in the direction of the compressive stress axis
under normal pressure or small confining pressure.
When confining pressure is increased, shear fractures
appear. With increasing confining pressure, the failure
angle becomes larger and compressive strength also in-
creases (Murai, 1971; Patterson, 1958). The fact that
extension fractures are developed in sandy tuff of which
confining pressure is small, and shear fractures in tuff
breccia whose confining pressure is large, explains well
the above-mentioned theories. As confining pressure
increases, rupture angle becomes larger and internal
friction angle becomes smaller. Since the internal fric-
tion angle of the tuff breccia of 28° was a value at a large
confining pressure, it should be larger at the present since
there is no longer any confining pressure.

D. CrLay MATERIAL FLOWING INTO FRACTURES

Concerning filling mechanism of the fractures in rock
masses, Hayashi (1966) discussed clastic dikes in various
parts of Japan, and Mii (1953) and Kutsuzawa et al.
(1967) clastic dikes in the Sendai district. The consti-
tuent materials of these clastic dikes comes from the
strata lower than the clastic dikes. Such clastic dikes
described by Mii (1953) and Kutsuzawa et al. (1967) were
confirmed during construction of the dam. However,
the clay vein was different from the clastic dikes originat-
ing in the underlying strata, and there was no underlying
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stratum of the same materials as those in the clay veins.

The rounded rock fragments intermixed with the clay
materials are sandy tuff of the wall rock, and in addition,
fragmental quartz and feldspar are also derived from the
wall rock of sandy tuff. Allophane is also identical to
that contained in the wall rock of sandy tuff. In some
parts, lenticular wall rock arranged in parallel with each
other is contained in thick clay veins. During formation
process of the extension fractures, the walls of the frac-
tures were spalled off resulting the present structure.
Veins within veins were also formed.

IX. SuMMARY

A considerable number of open cracks and clay veins
as well as fractures formed by the earthquake were found
at the foundation of the Nanakita Dam, which caused
exceedingly severe problems for the dam construction.
The formation processes of these open cracks and clay
veins were presented in this paper. Based on the results
obtained, proper treatments have been performed during
the dam construction (Civil Department Miyagi Prefec-
ture, 1985). The main results are summarized in the
following.

(1) Fractures in tuff breccia are shear fracture
whereas fractures in sandy tuff are extension fracture.
Both fractures have been formed under the same paleos-
tress field.

(2) Analyses of the formation mechanisms of these
fractures and subsequent development of open cracks and
clay veins suggest that the related palcostress field is that
of late Tertiary.

(3) The direction of the principal compressive
stress axis of the paleostress field is estimated horizontal
and N77°E, which roughly coincides with that of the P
type of Takeuchi (1981) with E-W compressive axis of
late Miocene to Pliocene age. The internal friction angle
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of the tuff breccia determined from the direction of the
paleostress field is 28°.

(4) Under the same paleostress field, shear frac-
tures were formed in the tuff breccia while extension
fractures in sandy tuff. The difference is mainly ascribed
to the difference of confining pressure and mechanical
strength of the respective rocks, i.e, high confining press-
ure and mechanical strength of the tuff breccia.

(5) The fractures formed by the Miyagi-ken-oki
Earthquake are ascribed mainly to the sudden relief of
stress in relation to the excavation during the dam con-
struction. No fractures have been formed in previous
earthquakes. '

(6) The shear fractures in tuff breccia were trans-
formed to open cracks as the result of groundwater
action, while the extension fractures in sandy tuff became
later to clay veins by filling with weathered materials.
That is, the sandy tuff situated closer to the surface and
played a role of the first filter against lake water. The
difference of the two rocks in lithologic character against
weathering played also an important role.

The Nanakita Dam has been completed after proper
foundation treatments and has demonstrated normal
functions during the past four years. Since the comple-
tion of the dam, none of the problems such as abnormal
leakage or instability have occurred.
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EXPLANATION OF PLATE

a. Vertical open crak with about 20 cm width (upper middle
part of the photo) is clearly observed only in the tuff breccia.
It should be noted that the boundary between the upper tuff
breccia and lower tuff is almost horizontal, and development
of vertical cracks in the lower tuff.

b. Fracture formed by the Miyagi-ken-oki carthquake.

c. Type A open crack (No. 13).

d. Microphotograph of clay material. Note that the intersti-
tial spaces between quartz and feldspar are filled by clay
material and are arranged in certain flow direction.

e. Clay veins in sandy tuff. Note that the numbered vertical
fractures have been formed by rainfall action, which washed
out the preexisted clay materials, i.e. clay veins,
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