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Strengthen ing Founda tion by
Underwa ter Explos ive Ram
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Abstract　U nderw ater exp lo sive ram is adop ted to treat the foundation in the p ro ject of petrochem ical dock in

L anshan harbo r. Feasib ility of th is k ind of foundation reinfo rcem en t m ethod in the p ro ject of petrochem ical dock in

L anshan harbo r is discussed based on the analysis and comparison of the difference of sea2bo ttom elevat ion, physical

and m echan ical p ropert ies of sedim en ts befo re and after exp lo sive ram tests. T he rat ional param eters of exp lo sive ram

are designed acco rding to the resu lt of the test. T he quan tita t ive data of underw ater exp lo sive ram are offered fo r

large scale strengthen ing foundation of petrochem ical dock in L anshan harbo r.
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1　In troduction

L an shan harbo r of R izhao city is loca ted in

sou theast seasho re of Shandong P rovince, Ch ina. A

dock w h ich can deliver fif ty2thou sand2ton liqu id

p roducts of petro leum and chem ica ls is p laned to be

bu ilt in the harbo r. T he dock is abou t 615. 145 m

long. Its top su rface is 16m w ide. T he base su rface

of its foundat ion is 23 m w ide. T he eleva t ion of its

top su rface is 13 m above Yellow Sea. T he eleva t ion

of its foundat ion base is 210. 7 m. T he dock belongs

to gravity dock. T he th in2w all cylinder st ructu re is

adop ted in the dock, and it is classif ied as p rim ary

bu ild ings. T he con struct ion requ ires tha t the ground

bearing capacity of suppo rt ing layer is grea ter than

240 kPa.

T he stra ta of the quasi2engineering area con sist

of m arine2depo sit ion stra tum Q m
4 ( includ ing tw o

stra ta ① m uddy m ild clay and ② coarse gravelly

sand ) , terrest ria l depo sit st ra tum Q al+ p l
3 ( includ ing

tw o stra ta ③ m ild clay and ④ clay) , and the fu lly

w eathered gran ite2gneiss benea th. A cco rd ing to the

fea tu res and physica l and m echan ica l p ropert ies of

these st ra ta, m arine2depo sit ion stra tum and the

upper st ra tum of terrest ria l depo sit st ra tum ③ do

no t ach ieve engineering requ irem en ts, the ④

st ra tum and o r the w eathering stra tum of the

bedrock shou ld be selected as suppo rt ing layer.

Ex ten sive excavat ion w ill be very d iff icu lt due to the

deep w ater in w o rk ing area (grea ter than 10 m ).

T hu s underw ater exp lo sive ram is adop ted to

stab ilize upper st ra ta, in o rder to m eet engineering

requ irem en ts.

2　D esign param eters of explos ive ram

T he underw ater exp lo sive ram adop ted to

stab ilize foundat ion is one of the new m ethods of

foundat ion trea tm en t. T he new m ethod is in the

period of research ing and discovering and doesn′t

take part in rela t ive standards of harbo r engineering

techn ique [ 1～ 4 ]. To understand feasib ility, design

ra t iona l param eters and offer quan t ita t ive da ta of

exp lo sive ram , five w o rk ing sect ion s are selected fo r

test f irst ly . T he sites and param eters of exp lo sive
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Table 1　W ork ing section of underwater explosive ram

W o rk ing
section N o.

W o rk ing
section

po sit ionöm

Exp lo sive ram param eters

W idth
öm

A rea
öm 2

Amm unition
Substance

ökg

Suspension
heigh töm

Spacing
in tervalöm

Amm unition
N o.

To tal
amm unition

ökg

Exp lo sion
in tensity

ökg·m - 2

Exp lo sive ram
tim es

R ip rap
th icknessöm

É
0+ 220～

0+ 240
30 600 20 2 5×5 15 300 0. 50 1

N on rip rap
filled

Ê
0+ 210～

0+ 220
30 300 9 1. 5 4×4 24 216 0. 72 1

N on rip rap
filled

Ë
0+ 200～

0+ 210
30 300 6 1 3×3 30 180 1. 20 2

N on rip rap
filled

Ì
0+ 190～

0+ 200
30 300 6 1 3×3 30 180 0. 60 1

N on rip rap
filled

Í
0+ 164～

0+ 184
20 460 20 2 5×5 20 400 0. 87 1 1. 0

N o te: T he amm unition N o. and to tal amm unition po in t to to tal u tilization of 1 tim e exp lo sive ram in Ë W o rk ing Section.

T he exp lo sion in tensity po in ts to to tal u tilization of 1 and 2 tim es exp lo sive ram in Ë W o rk ing Section.

ram of these test sect ion s are listed in tab le1. In the

five sect ion s, ana lysis and com parison in six aspects

are m ain ly carried ou t:

· In sect ion É , Ê and Ì , com pare influence

of d ifferen t quan t ity of exp lo sive amm un it ion

( w eigh t of singe amm un it ion ) and differen t

su spen sion heigh t on exp lo sive ram effect, w ith

sam e tim es of exp lo sive ram and sam e rip rap

condit ion s.

· In sect ion Ë and Ì , com pare influence of

d ifferen t t im es of exp lo sive ram on exp lo sive ram

effect w ith sam e quan t ity of exp lo sive amm un it ion

and rip rap condit ion s (non2rip rap ).

· In sect ion É and Ë , com pare influence

ex ten t of quan t ity of exp lo sive amm un it ion and

t im es of exp lo sive ram on exp lo sive ram effect under

the condit ion of non2rip rap.

· In sect ion É and Í , com pare influence of

rip rap th ickness on exp lo sive ram effect, w ith sam e

quan t ity of exp lo sive amm un it ion.

· In sect ion Ì and Í , com pare influence

ex ten t of quan t ity of exp lo sive amm un it ion and

rip rap th ickness on exp lo sive ram effect, w ith sam e

tim es of exp lo sive ram.

· Com p rehen sively ana lyze and com pare the

resu lts of a ll sect ion s.

3　Ana lys is on effects of underwa ter

explos ive ram

Conduct underw ater exp lo sive ram in each

sect ion acco rd ing to designed param eters m en t ioned

above. A fter underw ater exp lo sive ram , its effects

are exh ib ited in tw o aspects of changes of

foundat ion stra ta. T he first is defo rm at ion and

sub sidence of sea bed, tha t is, the foundat ion is

com p ressed and sub sided; the second is changes of

physica l, m echan ica l p ropert ies and bearing capacity

of the foundat ion.

3. 1　Ana lysis of sea bed subsidence af ter explosive

ram

In each sect ion, the w ater dep th of offsho re

w as m easu red by dep th sounding bar and dep th

sounding hamm er; adop t the fo rw ard in tersect ion

m ethod w ith tran sit in st rum en ts to fix po sit ion s and

erected level in st rum en ts by the sho re to read.

A cco rd ing to the m easu red sea bed eleva t ion of

selected sect ion befo re and after exp lo sive ram ,

decide defo rm at ion and sub sidence disp lacem en t of

sea bed. T he changes of sea bed befo re and after

exp lo sive ram are show n in figu re 1 (each sect ion in

figu re includes 5m range of bo th sides) , and the

sta t ist ic su rvey tab le of sub sidence disp lacem en t is

listed in tab le 2.

It can be concluded from fig. 1:

· A fter exp lo sive ram , the sea bed of each

w o rk ing sect ion rem ain s o r becom es m o re fla t and

sm oo th com pared to tha t befo re exp lo sive ram. T he

resu lts show tha t exp lo sive w aves affect the sea

bo t tom in the fo rm of p lane w aves, and their act ion

to stra ta is rela t ively un ifo rm , w h ich is favo rab le to

fu rther con struct ion.
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F ig. 1　Sea bed p rofile of each w o rk ing sect ion befo re and after exp lo sive ram

　　· In sect ion s of non2rip rap (sect ion É to Ì ) ,

the ground su rface tha t is w ith in 5 m 2range of

m arg in of m o st exp lo sive area has up lif ts of

d ifferen t ex ten t (abou t 0. 3 m h igh) after exp lo sive

ram. W h ile in rip rap sect ion of sect ion Í , the

up lif ts in m arg in area are rela t ively w eak. T h is is
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becau se tha t in non2rip rap sect ion s, exp lo sion m o re

in ten sively affects the sea bo t tom su rface, and

m akes it squeezed, th row n and then fo rm up lif ts in

m arg in area. In rip rap sect ion s, the bedding cu sh ion

is th ick and the d iam eter of rip rap is rela t ively la rge

(abou t 20～ 50 cm ). It can ab so rb a grea t dea l of

exp lo sive energy, so the m arg in areas do no t sw ell

apparen t ly com pared w ith tho se befo re exp lo sive

ram. T herefo re, rip rap is very favo rab le to la ter

con struct ion.

T he tab le 2 show s tha t, the effects of exp lo sive

ram fo r sect ion É and Ë are qu ite good. It is after

tw o t im es of exp lo sive ram tha t sect ion Ë ach ieves

the resu lt. Based on the ana lysis and com parison of

sub sidence disp lacem en t of test sect ion s, it can be

found tha t the quan t ity of singe amm un it ion

sub stance and rip rap th ickness m o st grea t ly

influence the sub sidence disp lacem en t o r the ex ten t

of foundat ion com p ression of foundat ion, and the

t im es of exp lo sive ram and su spen sion heigh t of

amm un it ion range do it secondly. In term s of

ana lysis of sub sidence disp lacem en t of the

foundat ion, in designed param eters of exp lo sive ram

of test sect ion s, param eters of sect ion É are m o re

econom ica l and ra t iona l, and the effects are qu ite

good, either. If the rip rap bedding cu sh ion is

cho sen, the quan t ity of amm un it ion sub stance o r

t im es of exp lo sive ram m u st be increased.

3. 2 Ana lysis on changes of physica l and

m echan ica l properties before and af ter

explosive ram

M ain physica l and m echan ica l param eters of

test sect ion s befo re and after exp lo sive ram are

listed in tab le 3. T he im p rovem en t am p litude of

physica l and m echan ica l p ropert ies of test sect ion s is

listed in tab le 4 after exp lo sive ram.

It can be concluded from tab le 3 and 4 as

fo llow s.

· ①m uddy m ild clay is pu shed off and no t be

found in w o rk ing sect ion s. ② coarse gravelly sand

in sect ion É and Í and ③ m ild clay in a ll sect ion s

are im p roved apparen t ly . ② 2 1 the upper of coarse

Table 2　Sta tistic survey table of sea bed subsidence d isplacem en t of each section before and af ter explosive ram

W o rk ing
section N o.

Exp lo sive
ram tim es

Survey elevation
of sea bed

befo re exp lo sive
ram öm

Survey elevation
of sea bed

after exp lo sive
ram öm

Sea bed average
sett lem ent

öcm

Init ial th ickness
of comp ressed

so il layeröm

Percen t of
the sett lem entö%

É 1 - 11. 64 - 12. 07 + 43 3. 60 12
Ê 1 - 11. 83 - 11. 98 + 15 3. 60 4. 1

Ë 1
2

- 11. 69
- 11. 82

- 11. 94
- 12. 04

+ 25
22

3. 60 13

Ì 1 - 11. 65 - 11. 93 + 28 3. 60 7. 8
Í 1 - 10. 98 - 11. 21 + 23 3. 60 6. 1

　　N o te: T he comp ressed so il layer po in ts to coarse gravelly sand seam and m ild clay. T he percen t of the sett lem ent po in ts to 2 exp lo sive ram
tim es of Ë wo rk ing section.

Table 3　Com par ison of physica l and m echan ica l property param eters before and af ter explosive ram

W o rk ing
section
N o.

Befo re exp lo sive ram

So il
layer

num ber

V o id
ratio

e

Cohesion
c ökPa

A ngle of
in ternal
frict ion
Υö(°)

Coeffi2
cien t of

comp ress2
ib ility

a122 öM Pa- 1

M odulus of
comp ress2

ib ility
E söM Pa

SPT
blow
count

N

Standard
bearing
capacity

ökPa

　

Befo re exp lo sive ram

So il
layer

num ber

V o id
ratio

e

Cohesion
c ökPa

A ngle of
in ternal
frict ion
Υö(°)

Coeffi2
cien t of

comp ress2
ib ility
a122

öM Pa- 1

M odulus
of

comp ress2
ib ility

E söM Pa

SPT
blow
count

N

Standard
bearing
capacity

ökPa

É ②
③

　
0. 660

　
72

36
20. 2

　
0. 27

　
6. 46

9. 7
10. 6

120
190

　
②
③

　
0. 667

　
81. 6

36
19. 2

　
0. 22

　
8. 30

20. 0
11. 0

250
260

Ê ②
③

　
0. 660

　
72

　
20. 2

　
0. 27

　
6. 46

9. 7
10. 6

120
190

　
②21
②22
③

　
　

0. 637

　
　

85. 9

30
33

20. 4

　
　

0. 14

　
　

11. 5

10
14. 4
11. 7

140
180
270

Ë ②
③

　
0. 660

　
72

36
20. 2

　
0. 27

　
6. 46

9. 7
10. 6

120
190

　
②21
②22
③

　
　

0. 679

　
　

98. 8

30
35

20. 2

　
　

0. 19

　
　

9. 53

10
18. 3
10. 6

140
200
260

Ì ②
③

　
0. 660

　
72

36
20. 2

　
0. 27

　
6. 46

9. 7
10. 6

120
190

　
②21
②22
③

　
　

0. 728

　
　

70. 1

30
37

19. 4

　
　

0. 19

　
　

9. 55

10
24. 4
12. 3

140
250
270

Í ②
③

　
0. 660

　
72

36
20. 2

　
0. 27

　
6. 46

9. 7
10. 6

120
190

　
②21
②22
③

　
0. 619

　
85. 6

33
19. 6

　
0. 16

　
10. 5

14. 4
14

180
280

　　N o te: ②21 po in t to coarse gravelly sand seam of loo sen ing; ②22 po in t to coarse gravelly sand seam of m edium density.
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Table 4　Exten t of im provem en t of pr inc ipa l m echan ica l property for each work ing section af ter explosive ram

W o rk ing
Section

So il layer
num ber

P rincipal m echanical p roperty index

V o id
ratio e

A ngle of
in ternal
frict ion

Cohesion
c

Coefficien t of
Comp res2sib ility

M odulus of comp re2
ssib ility

SPT blow
count

Standard bearing
capacity

É
② 　 ligh t 　 　 　 106% 108%

③ ligh t ligh t 14% - 18. 5% 28. 5% A lit t le increase 36. 8%

Ê
②21 　 ligh t 　 　 　 ligh t ligh t

②22 　 L igh t 　 　 　 48. 4% 50%

③ ligh t L igh t 19% - 48. 1% 77. 1% A lit t le increase 42. 1%

Ë
②21 　 L igh t 　 　 　 ligh t ligh t

②22 　 L igh t 　 　 　 88. 6% 66. 2%

③ ligh t L igh t 37% - 30% 47. 5% A lit t le increase 36. 8%

Ì
②21 　 L igh t 　 　 　 ligh t ligh t

②22 　 L igh t 　 　 　 152% 108%

③ ligh t L igh t A lit t le m inus - 30% 47. 6% 16% 42. 1%

Í
②22 　 L igh t 　 　 　 54. 6% 50%

③ ligh t L igh t 19% - 40. 7% 61. 5% 32. 1% 47. 3%

coarse gravelly sand in sect ion Ê to Ì does no t

reach good exp lo sive effect.

· A fter exp lo sive ram , am ong the m echan ica l

param eters in test sect ion s, the in terna l frict ion

angles of gravelly sand and m ild clay do no t change

m uch, bu t cohesion fo rce increases, w h ich ind ica tes

tha t the exp lo sive ram is effect ive to im p rove the

shear st reng th of foundat ion so il.

· A fter exp lo sive ram , am ong m echan ica l

param eters in test sect ion s, the bearing capacity of

gravelly sand and com p ressib le m odu lu s are a ll

increased vio len t ly, w h ich ind ica tes tha t the

exp lo sive ram p roduces good effects to increase the

stab ility of sand foundat ion and clay foundat ion,

and to reduce the sub sidence of clay foundat ion.

· Im p rovem en t ex ten t of m echan ica l p roperty

in sect ion É and Ë is g rea ter than tha t in sect ion

Ì . In sect ion É , af ter exp lo sive ram , the bearing

capacity of upper st ra tum m et the requ irem en t of

the p ro ject of petrochem ica l dock in L an shan

harbou r.

4　Conclus ion s

In the po in t of sub sidence of sea bed su rface as

w ell as physica l and m echan ica l p ropert ies

respect ively, the effects of under w ater exp lo sive

ram are ana lyzed and fo llow ing conclu sion s are

ob ta ined.

· A fter exp lo sive ram , gravelly sand

foundat ion and clay foundat ion are sign if ican t ly

stab ilized, and their bearing capacity is m arkedly

increased. T herefo re, adop t ing underw ater

exp lo sive ram to stab ilize foundat ion in the area is

effect ive and feasib le.

· A cco rd ing to the ana lysis on sub sidence of

sea bed su rface, changes of physica l and m echan ica l

p roperty, the foundat ion stab iliza t ion effects in

sect ion É are the best, sect ion Ë takes the second

p lace nd the effects in ano ther sect ion s are genera l.

In exp lo sive ram con struct ion of w o rk ing areas in

w ho le dock, the exp lo sive ram param eters of sect ion

É shou ld be cho sen. T hat is, the quan t ity of

amm un it ion sub stance is 20 kg, su spen sion heigh t

of amm un it ion 2 m and the in terva l 5×5 m. T he

exp lo sive ram is m ade fo r the first t im e under the

condit ion of non2rip rap , then the stone abou t 1 m

th ickness is rip raped, and the exp lo sive ram is m ade

fo r the second t im e.
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