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Abstract. Historical structures are part of the heritage humankind hands down to
posterity. As records, they not only describe past construction technologies, but they also
carry information about the social system and culture of their time. Many historical civil
engineering structures constructed during and after the Edo era still remain in Japan.
Some of these structures, such as the Yokosuka dry docks, played an important role in the
fate of the nation (Shogaki, 2014). However, such sites have not been the subject of
systematic geotechnical research or publicity. The strength of construction materials at
historical sites built since the Meiji era was investigated using the rebound hammer test
(JGS 2013) and evaluated with regard to construction age, facility use, and material. The
tested materials were rocks (andesite, granite, and sandstone) at 10 sites, concrete at 6,
and brick at 3.
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Introduction

Historical structures are part of the heritage that humankind passes on to posterity. As historical
records, these structures do not only describe historical construction technologies, but also carry
information with regard to the social structure and culture at the time of their construction. Many
historical civil engineering structures constructed during and after the Edo era still exist in Japan. Some
of these structures, such as the Yokosuka dry docks, played an important role in Japan’s history
(Shogaki, 2014). However, such sites have not received publicity nor have they been the subject of
systematic geotechnical research, and very few systematic studies have been concerned with technical
changes and the lost reality of historical civil engineering structures. Additionally, the cultural value of
these structures has not been considered. Moreover, the restoration of historical structures is carried out
with an incorrect perspective and research methodology regarding the conservation and repair work of
historical civil engineering infrastructure. Evaluation and repair methods for the civil engineering
heritage of each historical era are necessary, but not sufficient to study the progress of technology,
including the complete understanding of technical documents.

The surface strength of concrete obtained from a rebound hammer test (RHT) is smaller than the
concrete’s interior strength. In this study, a new method of estimating the interior strength from the
results of six hits at the same position is proposed. The strength of construction materials found at
historical sites built since the Meiji era was investigated using the RHT and evaluated with regard to
construction age, facility use, and materials.

Target site facilities and testing method
Figure 1 shows the site locations and Table 1 lists the site facilities dating back to 1884. The location

of these facilities ranges from Otaru in Hokkaido to Misumi in Kumamoto prefecture, and most facilities
are concentrated in the Kanto region. The RHT is specified by the Japanese Geotechnical Standards (JGS,
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2013) as more than nine hits in an area of 15-50 cm, and the unevenness of the tested surface must be
adjusted to less than 1 mm. However, the target facilities cannot allow multi-point measurements and
surface processing because they are part of Japan's historical heritage and/or country-specific cultural
properties. Therefore, in this study, the location representing the target material was determined
visually and six hits were made at the same position. The strength (SR) values obtained from the RHT,
with the exception of the measured values affected by unevenness, were averaged to obtain the mean
value. The RHT was hit in the vertical direction of the measured surface and the SR was converted in
the direction of the hit according to JGS (2013). The tested materials were rocks (andesite, granite, and
sandstone) at 10 sites, concrete at six sites, and brick at three sites.

.

ioi, Kure, Innoshima, Sasebo, Maizuru, Manazuru,
2. Shore wall

Misumi, Otaru
3. Baluarte
E 4. Fortress D, \
W i St B SORBP RPN .

; Monkey Is.

Chiyogasaki
1**fortress
2nd fortress
3rd fortress

Sasebo

Manazurn

Innnoshima

Figure 1. Site locations
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Table 1

Outline of site facilities

Prefecture | No Name of facility Material | Construction year Facility use
Kanagawa | 1 |Monkey furret ACB 13884 Turret
Chiba 2 |1st fortress ACB 1890 Turret
Kanagawa | 3 |Chiyogasaki Turret ACB 1895 Turret
Nagasaki 4 |Ishiharadake Baluarte ACB 1899 Fortress
Kyoto 5 |[Maizuru granite 1901 dry dock
Hyogo 6 |Aioidock sand stone 1912 dry dock
Kagawa 7 |Innoshima dock granite, C 1912 dry dock
Chiba 8 |2nd fortress 1914 Turret
Kanagawa | 9 |3rd fortress concrete 1921 Turret
Nagasaki 10 |Hario sending station 1922 Sendmng station
Hokkaido 11 |Otaru Canal granite 1923 Revetment

12 |Building No.5 1955 Research Building

13 |4 Brigade 206 Student Building
Kanagawa 14 |1 Brigade concrete 2012 Student Building

15 |Student Cafeteria 2013 Canteen

16 |Public bath 2017 Bath
Hiroshima 17 |Kure dock granite 2017 keel blocks
Nagasaki 18 |Sasebo dock granite 2017 keel blocks
Kanagawa | 19 [Manazuru andesite Origin quarry

A andesite, C: concrete, B: brick

Method of estimating interior strength of concrete

The Sk values for concrete are plotted against the hits obtained from the Chiyogasaki turret, Hario
sending station, Monkey turret, National Defense Academy, and third fortress, as shown in Fig. 2. The
Sr increased as the number of hits increased until it became constant after several hits, regardless of the
facility. The smaller Sr values at the first hit reflect the surface weathering, slack layer hardness of the
surface, and unevenness. Fig. 3 shows the relationship between the ratio (Sx/Sr) of the mean value (Sr)
(converged strength) to Sk, and the hits for the upper part of the third fortress’ searchlight. The Sr/Sr
values for the first hit were in the range of 1.2-1.8 and the mean value (Sr/ Sr)mis 1.4. For the second and
third hits, these values are 1.2-1.4 ((Sr/ Sr)m=1.2) and 0.9-1.2 ((Sr/ Sr)m=1.0), respectively. However, after
four strikes, (Sr/ Sr)m was approximately equal to one. The converged strength was approximately equal
to the inside strength of the concrete (Inaba and Shogaki, 2018). Therefore, more than four strikes were
required to obtain the interior strength of the concrete. As shown in Fig. 3, (Sr/ Sr)m can be used as a
modified value to obtain the interior strength by multiplying (Sr/ Sr)m with the Sr of each hit.

The (Sr/ Sr)m values for each hit were obtained from the observation station, artillery side, and
searchlight facilities of the third fortress, and are listed in Table 2.
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(Sr/ SrR)m for each hit (third fortress)

Table 2

Strike 1 2 3 4 5 6
Observation | Upper | 1.35( 1.15( 1.08 [ 0.99 | 1.02 | 0.99
station Lower [ 1.50]1.21|1.05]1.06| 1.09| 0.96
Mean value Artillery side Upper | 1.36(1.11(0.98 [ 1.04 | 1.00 | 1.00
- Lower |2.09]1.53|1.15]1.07| 0.96 | 0.97
OfSR.-"fSR
. Upper | 1.53] 1.3 [1.06]0.95| 096 1.10
Searchlight
Lower | 1.32( 1.07] 1.08 rl.OO 0.98 | 0.95
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Figure 4. Measured and estimated Sk values

where “upper” and “lower” refer to the facilities” surface and underground structures, respectively. At
3-6 hits, the (Sr/ Sr)m became equal to one. The interior strength of the concrete can be estimated by
multiplying the value in Table 2 with the Sk of each hit. As an example, for the searchlight obtained
from Table 2, the measured and estimated Sr values of the concrete’s interior strength were plotted
against the hits as shown in Fig. 4. For up to three hits, the validity of the results with regard to the
estimated interior Sk value can be understood visually. Moreover, a similar tendency has been
confirmed for other facilities. Subsequently, the Sr values of the materials will be used to estimate the
interior strength.
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Changes in strength of concrete

The statistical values of Sr for concrete are shown in Table 3. The Sgr, g, and VSr refer to the mean Sr
value, standard deviation, and coefficient of variation, respectively. As shown in Table 3, the Sk values
are plotted against the construction year from Fig. 5. The Sk values for the first fortress (+), the Monkey
turret (x), Innoshima dry dock (A), and Aioi dry dock (A), which are ports outside of the facilities’
mainbody (+, A and A) and the part of a weathered facilities (x), the Sk values were smaller than those
of other facilities. With the exception of these facilities, the plots exhibited a trend of falling right, and
the Sk values of older facilities are greater. The dotted line shown in Fig. 5 indicates the 1995 Southern
Hyogo Prefecture Earthquake (1995SHPE), and the design changes to the structure is not influenced to
the strength of the concrete.

Table 3
Statistical Sk values for concrete
Facility Site n(site) | ¢ (N/mmd) | ° VS&r(%)
Observation station 66(11) 54.1 8.8 16.3
. Artillery side 66(11) 50.0 104 | 20.8
3rd fortress| : .
Searchlight 36(6) 50.0 10.5 20.9
All 168(28) 51.6 9.7 18.7
handhall 6(1) 15.9 2.8 17.3
Monkey 2nd Battery 19(3) 47.2 4.7 10.0
furret 1st Battery 21(3) 37.8 6.3 16.7
3rd Battery 13(2) 38.7 6.3 16.3
All 59(9) 38.8 104 | 26.8
1st fortress |All 89(15) 29.9 123 | 41.1
fmfgm“ Al 20434) | 479 105 | 22.0
Ishiharadake All 18(3) 532 54 9.3
Baluarte
Aioidock |All 11(4) 23.6 2.4 10.0
[nnoshima |  y 7(2) 313|182 | 380
dock
Hario 2nd tower 27(4) 40.6 7.8 19.2
sending 3rd tower 16(3) 50.0 8.9 17.8
station Al 43(7) 44.5 9.1 20.3
1 Brigade 66(11) 39.6 12.3 31.0
2 Brigade 30(5) 54.5 5.0 9.1
Building No. 5 24(6) 399 11.1 28.0
NDA Public bath 6(1) 324 6.2 19.2
Student Cafeteria 6(1) 35.6 3.8 10.6
4 Brigade 30(5) 49.5 6.5 13.2
All 138(23) 44.5 11.7 | 263
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Statistical SR values for stones

Facility Site Material |n(site) Sz (N.fmm:') c FS=r(%)
Eletric lamps andesite 31(5) 54.6 8.8 16.2
Ist Barrack andesite 17(2) 56.4 9.8 17.3
Monkey ;_’nd Battery andes?te 14 (2) 53.8 3 17.4
et 2nd Barrack andesite 25(3) 56.0 9.4 16.9
3rd Battery andesite 13(2) 54.4 10.6 19.4
Coast andesite 31 (4) 60.9 12.0 19.7
All andesite 131 (18) 56.5 10.4 18.4
1st fortress |All andesite | 321 (54) 49.8 14.8 29.7
Chiyogasaki . )
furret ; All andesite 87 (14) 58.4 10.5 18.0
Ishiharadake . )
Baluarte Al andesite [ 101 (20)| 55.1 10.1 183
Seawall near st dock granite 22 (4) 55.4 10.8 19.6
2nd dock granite 15(3) 57.9 3 10.9
Manazuru  |3rd dock granite 29 (5) 51.9 3 16.1
Manazuru port seawall [granite 15(3) 61.0 8.2 13.4
All granite 81 (15) 55.6 9.4 16.9
Aioidock |Al sandstone | 32(11) 60.3 13.0 21.6
lmoshma |,y eranite | 23(4) | 552 10.9 19.7
dock N
Otaru Al granite 36 (5) 61.1 8.5 13.9
Kure Normal fmish granite 39(10) 498 11.4 22.8
Kure Muror finish granite 18 (4) 71.9 3.1 4.3
5th dock granite 61 (10) 57.9 8.8 15.2
Sasebo 6th dock granite 24 (4) 3.3 8.4 13.2
All granite 85 (14) 59.4 9.0 15.1
Manazuru  |All andesite [ 456 (91) 37.9 15.9 42.0
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Table 5
Statistical SR values for bricks
Facility Prefecture Site Material n Sr o VfR
(N/mm?) (%)
2nd Battery

Monkey turret Kanagawa observation station . 19 (3) 51.9 6.0 [11.5
Ist fortress Kanagawa Brick 54 (9) 51.0 3 25.7
Chiyogasaki furet [Kanagawa Al 144 (24)| 48.7 10.5 [22.9

Changes in strength of stones and bricks

The statistical Sk values for stones and the relationships between Sk and the construction years are
shown in Table 4 and Fig. 6, respectively. The stones are classified as andesite, granite, and sand stone,
as presented in Table 4. Additionally, the Sk values are also unrelated with the construction year,
exception for Manazuru (#), where Sk was smaller than that of other stones because the Manazuru
stone (#) includes the protein-clotting andesite. However, the Sz of stones used as construction
materials had similar values. The granite at Kure (V) was made the mirror finish. The plunger tip of the
RHT is a curved surface, and the stone surface of the typical finishing was crushed unevenly by the hit
of the RHT. The Sk increased as the contact area between the plunger tip and the stone increased.
Moreover, the Sr coefficient of variation (VSr) decreased from 4 % to 23%. The stone was used in the
sewer wall of the old Kure Navy Factory dry dock, where the Yamato battleship was built.

The statistical Sk values of bricks are summarized in Table 5. The Sr is approximately 50 N/mm?,
regardless of the facilities and constructed years. The year of construction ranges within a period of 15
years from 1884 to 1899, when the manufacturing method and the quality of the bricks are already

stable.
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Conclusion

The conclusions drawn from this study are summarized as follows:

1. The strength of the concrete obtained from the first strike was smaller than that obtained with
subsequent hits at the same position. The strength increased by increasing the number of hits until it
became constant after several strikes. The converged strength approximated the interior strength. Using
the first hit strength to estimate the inside strength is proposed as a new method of obtaining the
interior strength.

2. The concrete strength of the third fortress varied by section, with the underground structure
having lower strength than the part above the ground surface.

3. The strength of the concrete used in the facilities was not affected by the 1995SHPE, and the
strength of older facilities was higher than that of new facilities.

4. The mean values and coefficient variations of the strength for stone and brick were not
influenced by the age of construction or facility type.

5. The mirror-finished granite mean values and coefficient variations of strength were larger and
smaller, respectively, in comparison with those of rough-finished stone.
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1Shogaki xenec Oepy werceci, Moxocyka, XKanonus
Y ammork Kopearoic akademusicol, Moxocyxa, 2Kanonus

Kanormsiga Morigaxu Ke3iHeH OacTall caabIHFaH TapyMXV a3aMaTTBIK KYPBIABIC
HBICAaHAAPBIHAAFEI KYPBIABIC MaTepyalAapbIHbIH OepikTiri

Anpaarma. Tapuxu KypelabIMJap KeJeIlleK YpIlakKka KadaThlH Mypa OOABIIT TaOblAaAbl.
JKaszbaasap periHAe 0aap ©TKeH KYPBIABIC TEXHOAOTUAAAPBIH CUITATTaIl KaHa KOliMall, COHBIMeH Karap
©3 3aMaHbIHBIH 94eyMeTTiK JKylieci MeH MaJeHeTi Typaabl akapaT Oepeai. D40 aayipiHde koHe ogaH
KeiliH caAbIHFAaH KeIlTereH Tapuxmu fumapatrtap JKamoHmsiga aai ge Oap. bya KypblabIMaapAbiH
KeltOipeyaepi, MbIcaasl, VIOKocyKTHH KYpPFfaK JOKTapbl, VAT TarAbIpbIHAQ MaHBI3ABL PO arKapAbl
(IDoraxm, 2014). Aaariaa MyHaai Oeaikrep KylieAdl MH>KeHEPAIK-Te0AOTUAABIK 3epTTeylepaiH HeMece
JKapUAABLABIKTBIH TaKbIPBIOBI O0AFaH KOK. MBiiAX1 A9yipiHeH Oepi caablHFaH TapyXy HbICAaHAAPAAFbI
KYPBIABIC MaTepuaAAapbIHbIH OepikTiri aAskekammep cpiHarbIMeH (JGS 2013) seprreaai >koHe KYpPBLABIC
’KacplHa, OOBEKT IeH MaTepuaAa/bl NaligadaHyra OallaaHBICTEI OaradaHAbl. 3epTTeleTiH MaTepuaaap:
10 yuackegeri Tay >KbIHBICTaphl (AHAE3UT, TPAHUT >KoHe KyMTac), 6-ra OeTOH >KoHe 3-Ke KipIIill.

TyiiiH cesgep: Tapmxm azaMaTTBIK KYPBLABIC HBICAHAAPEI, KYPBLABIC MaTepraaaapsl, Mamaxu
Adyipi, baarameH cpiHay, OePIKTiK.
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HPO‘IHOCTI) CTpONUTEAbHBIX MaTepMaa0B Ha ICTOPNYIECKMX o0BeKTax rpa>X4aaHCKOro
CTpOUTEAbCTBA, IIOCTPOEHHDBIX CO BpeMeH M9]7I,ZI,3]/I B SImoHmn

AnnoTarms. Vicropuaeckue coopy>KeHNsI ABAAIOTCA YacThlO HacAeAus, KOTOpOe 4eA0Be4ecTBO
IepejaeT IIOTOMKaM. B KauecTBe 3ammceil OHM He TOABKO OIMCBHIBAIOT IIPOIILAbIe CTPOUTeAbHBIE
TEXHOAOTUM, HO TakKXXe HeCyT MH(OPMAIMIO O COLMAABHOIN CHCTeMe M KyAbType CBOErO BpPeMEeHIL.
MHormne ncropudeckue CTpouTeAbHbIE COOPY>KEHILSI, IIOCTPOEHHBIe BO BpeMs U II0CAe BIIOXU DJ0, BCe
erme ocraiorcst B SImonmy. HekoTopble M3 9TUX COOpYsKeHmil, Harmpumep, cyxue Aoku Vlokocyka,
CHITPaAU Ba’kKHYIO poab B cyabOe Hanmm (Shogaki, 2014). OagHako Takme y4acTKu He ObLAM IPeAMeTOM
CHICTeMaTUYeCKNX MHXXeHepHO-Te0A0TMYeCKIX MCCAeA0BaHNIT AN oraacKu. [IpodHoCTs cTponTeAbHBIX
MaTepualoB Ha MCTOPUYECKMX OObeKTaX, IOCTPOEHHBIX C smoxu Moaiiasm, Oblaa mccaejoBaHa C
IIOMOIIBIO MCHBITaHMS OTOOMHBIM MoAOTKOM (JGS 2013) m olleHeHa C y4yeTOM BO3pacTa IIOCTPOVIKH,
MCII0ABb30BaHMs OObeKTa U MaTepuada. Viccaeagyemble MaTepuaabl: TOpHbIe IOPOADBI (AHAE3UT, TPAaHUT U
necyaHuk) Ha 10 ygyacTkax, ©6eToH Ha 6 1 KMprnd Ha 3.

KaroueBble caoBa: mcropmyeckme OOBEKTHl I'Pa’kAaHCKOTO CTPOUTEAbCTBA, CTPOUTEAbHBIE
Marepuaabl, 911oxa M»iiA31, UCIIbITaHNe OTOOMHBIM MOAOTKOM, IIPOYHOCTb.
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