The Journal of Engineering Geology Vol. 29, No. 3, September, 2019, pp. 339-349
PISSN : 1226-5268 elSSN : 2287-7169 https://doi.org/10.9720/kseg.2019.3.339

RESEARCH ARTICLE

OF=XtH 2 ZAEIAMAIA Ol S EFAAIAO
oo =2 Pnl' '—'TE. o ._I' o71|-r = o ._I' o71|-r—|
AR | = A

o".'_"".'_"7’| = ﬁ:r"

SAHQ. A . 2HAM . MM

122008 APEH NS BAILE, 22 SIS D WA RS SITH ST SAIDHY
2205t TS HALS elne ‘2 E0stn AR AT ng

Relationship between the P Wave Velocity,
Static Elastic Modulus, and Dynamic Elastic
Modulus of Rocks

Seong-Woo Moon' - Hyeong-Sin Kim? - Hyun-Seok Yun? - Yong-Seok Seo**

'Ph.D. Candidate, Department of Earth and Environmental Sciences, Chungbuk National University
2Ph.D. Student, Department of Disaster Prevention Engineering, Chungbuk National University
3Postdoctoral Researcher, Department of Earth and Environmental Sciences, Chungbuk National
University

“Professor, Department of Earth and Environmental Sciences, Chungbuk National University

Abstract

The relationship between the P wave velocity, static elastic modulus, and dynamic elastic modulus of
different rock types was investigated to identify the distributive characteristics of the dynamic elastic
modulus. Laboratory and in situ test results from 1,646 rock specimens, which are obtained for design
and construction of structure, were analyzed, and grouped into three key rock types: gneiss, granite,
and sandstone. These relationships were verified by comparing them with the results from previous
studies. The gneiss samples exhibit a linear P wave velocity-static elastic modulus relationship,
whereas the granite and sandstone samples exhibit exponential relationships. Their coefficient of
determination (R?) values are all in the 0.491-0.642 range, and are similar to those obtained in previous
studies. The relationship between the static and dynamic elastic modulus exhibits a linear relationship
for all rock types, yielding a coefficient of determination in the 0.543-0.676 range. The relationship
between the P wave velocity and static elastic modulus follows an exponential regression for all rock
types, with a high coefficient of determination that is in the 0.875-0.940 range.
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Aol e} go] @] ofA T Z5o] 2|12F fdEdolut 2zl v|Al= e B ffsiA= ARt
524 E/4& efol= Zlo] Fasith ute] F A= A4 =2 0] 54 542 mefsh] A%t Fast ok
E/4F sholn. oA E= ofite] 54 B4 2 MHESIEO|U HIESHE 5= o8 A= 59l 542 o ey Al
o] E4stal AJ7to] Hol A @ Fir}. wbA] 2Zuht eHItE o] 8/ AlS Foll T A5 89 AT 5454
= Hlasks A7 go] ZgE AL Qi

BAEAO) AHL 235} B AT AIE S 4-afolo] prfet Sute] £ 5 SRt & 73 Alof] ofef 1A o =2 At
A3t 4= 2ltk(Stan and Idziak, 2008; Min et al., 2011; Kumar et al., 2015). Z233+E o|-83F ZAHPH- w)u}a] A
o HA, thE {REol Hlsl At o= Zhstar whe | 7ok 4= Q17| wiizofl ol o]-8-%th. Stan and Idziak(2008)->
ol EAfoh= WA O] WeHde dleisle] putet suke] £ B SAI6HL, FAE/S Sl ol mhE A9 o]
HFAJo]| ek A2 43051 SITt. Altindag(2011)%= Pt S0t ThISSE, 528, 2001, brittleness, 25 UE4E, ¢
AL, Aols7dE, AR 5 TRt ok £ ¥AlAS AAIR v QH. Sukplum et al.(2014)= AH9] 52
of 2 Bl ko 2 AR A R E tld o= SeH Wkl whg Sut 9! put £, Heb A, S AlE Bl st

7} QIAFE0] IS A|AIBIIEE. Chawre(2018)2 Sut Bl put S0t 38, WiE, AXUE70T 5 oF4 0] B2
1 5739] e AR HE QU o] Qlofl= HAEI T S5 vl ZA4S Tl 54 e st sk
7t Eol Z1iE]o] 2Fth(King, 1983; Christaras et al., 1994; Ameen et al., 2009; Martinez-Martinez et al., 2012; Sone

and Zoback, 2013; Chawre, 2018). |2} o] o2 A250l| ofsl o4 o] A=/  F45"d o] o] AT A
2208 ol8Rt 4] 4] T2l A5 Woks 8%t A e = FUHEAL Sl

1 AT Y 40 TEBAA A 5B 164649 A 2 @A AE PO P Pt S, SR
A, FRAA ] BEEA S RSk ERH i1 Sl50] 419 Pt £ =5 o) SHAALE A 548 4 9=

A
= pr S0} HEHAS0 A, AeHAGok FRAAL0] T, Pt 4ot SR Ao] Tl
Qe 7| @A} Hlarste] Ak

5 AR, BT AT, P Al A2 AT AR AR, SPS 27 23, theAl'd I HAK Multichannel
Analysis of Surface Wave, MASW) 50| Z-8=| 0t} S 2pm= o 2 Holel 86271, S 52770, At 2577
ok FUSH AelA AlE Ao 2 S55 Apretk ofRte] F3 el et JakAel E4o] G 4= o7 Wi
of| Z} Lol tiste] A0 HeE 7o & Pt £, SEAIA, Al REIFS AALH O R EAISHIH
(Fig. 1).
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Fig. 1. (a) P wave velocity, (b) dynamic elastic modulus, and (c) static elastic modulus values for the 1,646 analyzed rock
specimens. W: weathered rock, S: soft rock, M: moderate rock, and H: hard rock.
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Fig. 2. Relationship between the P wave velocity and static elastic modulus for the different rock types.
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Table 1. Relationship between the static elastic modulus (Es) and P wave velocity (Vp) proposed by previous studies and

this study. All of the Es values are in GPa

References Equation No. Correlation R? Rock type V, range (km/s)
Christaras et al.(1994) (1) B =3.02""" 0.941 Various 3.5~6.5
Khandelwal and Singh(2009) ) E,=49718V,—7.151 0.974 Coal layer 1.7~2.2

3) B, =5.79¢ """ —5.96 0.882 Granite 0.7-6.2
) B, =9.00¢' "> —0.56 0.957 Andesite 0.6~7.0
Lee et al.(2011) ) E =247 11094 0.836 Rhyolite 3355
(6) E = 11.85¢ "*19 _ 349 0.927  Sedimentary rock 0.0~7.2
) B =77.98¢ "™ —6225 0910 Hornfels 1.8-6.2
Min et al.(2011) ®) E,=11V,—19.529 0.965 Granite 1.8~4.5
Verma et al.(2012) 9 E,=0.565V,+1.343 0.980 Coal layer 1.9~2.1
Najibi et al.(2015) (10) E,=0.169 1V 0.900 Limestone 2.5~6.5
Brotons et al.(2016) an E, =0.679 1% 0.990 Various 1.5~6.0
Chawre(2018) (12) E,=9.259V,—13.72 0.890 Schist 2.0~5.5
(13) E,=11.790V,— 11.021 0.466 Gneiss 1463
This study (14) B, =2567"""" 0.623 Granite 14-5.5
(15) E, =4.900¢"""?" 0.662 Sandstone 1.4-6.5
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Fig. 3. Relationship between the static elastic modulus and P wave velocity proposed by previous studies and this studly.
Correlations (13)~(15) from this study are within the range from previous studies.
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Fig. 4. Relationship between the static and dynamic elastic modulus for the different rock types.



Table 2+= FE/d A2 AR/ Al2] AeAl] Higt 7€ 2352 2ot Ao vA, g Aolli S84
o} et dAl0] A E= 1A TAIE AR (King, 1983; Eissa and Kazi, 1988; Christaras et al., 1994; Yale
and Jamieson, 1994; Mockovc¢iakova and Pandula, 2003; Min et al., 2011; Brotons et al., 2014; Sukplum et al., 2014;
Malgorzata, 2015; Fei et al., 2016; Chawre, 2018), G5 ATAE-2 F A=) TA|7} vl A g ol o 2] ufj7ljr<=of] 2]
ARt TSR Soroush et al., 2011; Najibi et al., 2015; Brotons et al., 2016). 7|<& A7A=2] ZUHE B 5 T AJoHH
Fig. 59} Zrom, & A0 Aih="d4] (19), (21), (23) 2 @A T2 A7) Aot oA =2 3h8 Bt of2fgh
AAf2 B tjiko] = 2tof] 7]91ok= 2 0 2 whekeTE, A4 (19), (21), (23)2 $H-F4d(Igneous-metamorphic

Table 2. Relationship between the static elastic modulus (Es) and dynamic elastic modulus (Ed) proposed by previous
studies and this study

References Eq;a; .10n Correlation R? Rock type Ez (r}afl)r;;;ve

King(1983) (19) E,=1263E,—29.5 0.820 Igneous-metamorphic rocks 40~120

Eissa and Kazi(1988) (20) E,=0.74E;—0.82 0.706 Various 5~110

Christaras et al.(1994) (21) E,=1.05E;,—3.16 0.988 Various 20~110
Yale and Jamieson(1994)* (22) E,=0.7852E;+0.3771  0.902 Carbonate 20~75

Mockovciakova and Pandula(2003) (23) E,=0.77075E;+5.854  0.964 Various 25~135

Ameen et al.(2009) (24) E,=0.541E,+12.852 0.600 Sedimentary rock 20~130
Min et al.(2011) (25 E,=0917EF;—13.312 0.999 Granite 25~35
Soroush et al.(2011)** (26) E. = 1.1702¢" "% 0.720  Various (mostly sedimentary rock) ~ 5~90
Brotons et al.(2014) 7)) £E,=0.867E;,—2.085 0.961 Calcarenite 5~30
Sukplum et al.(2014) (28) E,=0.22E, 0.555 Clay, Silt, Sand-stone 5~40
Matgorzata(2015) (29) E,=0.406E,—9.374 0.361 Shale 24~50
Najibi et al.(2015) (30) E,=0.014 E;Ags 0.870 Limestone 10~75
Fei et al.(2016) (31) E,=0.5640E,—3.4941  0.725 Sandstone 30~50
Chawre(2018) (32) E,=0.378E,+6.343 0.910 Schist 10~80
(33) E,=0.757E,+8.263 0.543 Gneiss 0~90
This study (34) E,=0.851E;+4.330 0.606 Granite 0~80
(35) E,=0.715E;+8.845 0.676 Sandstone 0~80

*Correlation of the reference is calculated using the data table in Yale and Jamiesson(1994).
**Correlation of the reference is determined by digitalizing Figure 13 in Soroush et al.(2011).
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Table 3. Relationship between the dynamic elastic modulus (Ed) and P wave velocity (Vp) proposed by previous studies
and this study. All of the Ed values are in GPa

References Eq;al;['lon Correlation R? Rock type \?;Jg/ns%e

Lee et al.(2008) (36) E,=44V—6V,+2.65 0.911 Granite 0.7-2.0
Stan and Idziak(2008) (37) E;=0.3943 VPQ— 0.1354V,+0.619 0.900 Sandstone, Basalt, Porphyry 1.7-4.2
38) E;=0.1875 Vp2+ 0.0208 V, +0.244 0.770  Limestone, Granite, Diabase ~ 2.4~5.6

Min et al.(2011) (39) E,=15V,-24.012 0.974 Granite 1.7-4.5
Sukplum et al.(2014) (40)  E;=2.408¢"" 0.952 Clay, Silt, Sand-stone 1.5~4.5
Yale and Jamieson(1994) 41)  E;=18.111V,—-35.395 - Carbonate 3.0~6.0
Christaras et al.(1994)* (42)  E,;=2.8762e"""" +3.01 - Various 3.5~6.5
Najibi et al.(2015)* (43)  E,;=356381,% - Limestone 2.5~6.5
Chawre(2018)* (44) B, =24.495V,—53.0767 - Schist 2.3~5.5
(45) B, =16208"""" 0.892 Gneiss 1.3~5.5

This study (46) B, =19285¢""""" 0.875 Granite 1.0~6.0
@47 B =1592""%" 0.940 Sandstone 12~6.5

*Correlation of the references are calculated by solving a pair of simultaneous equations, with the overall relationship in Table 1 (static elastic modulus
and dynamic elastic modulus) substituted into the overall relationship in Table 2 (dynamic elastic modulus and P wave velocity).
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Fig. 7. Relationship between the dynamic elastic modulus and P wave velocity proposed by previous studies and this study.
Correlations (45)~(47) from this study are similar to the range from previous studies.
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