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In a previous study oonduted Iby the Aeian: Insitute of TecIhino ogy, 

the effeot of varioue.food controt alternatives on food Zeve.s 

throughout the Bicol River Basin were deterined. This infovation 

is provi-ed fn Volumes I and II of the,AXT Reaearch Report No. 48. 

BicoZ River Basin Flood Contro Inveatigation, (7). Xn that repor-jten 

flood controZ measures were desoribed in term of their ability to provide 

effective flood reZief for 'design storme having IS3 and 50year return 

pqrOd. Other ombinations of food control meaeures in corunotion 

with various irrigationwithdrawal rates were later identified as worthy
offurher investgation. In the present audy those flood contro 

[edmeasures ".denttf as deserving frther, invetigation are analyxed in 

tems of their -effectivene in reduroi water surface.ZeveZ in the Bicol 

and Stpocot Rivers. Effeots of impementing various flood oontroZ 

measures on saZinity intrusion into these -river is aso:studied as weZ 

as-,the effects of various proposed fZood relief measurea on lon term' 

drainage in the upper reaches of the Bico River. 
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I. INTRODUCTION,,"
 

1.,1 Location and Description
 

The Bicol River Basin is located inthe lower portion of the Island
 

of Luzon extending from 1220451 to 123040' east longitude and from 130001
 

to 14000' north latitude. Situated about 400 km. from the city of Manila ,
 

the basin embraces the central portion of the Province of Camarines Sur, 
the northern portion of the Province of Albay and a small portion of th(
 

Province of Camarines: Norte. 

The basin as shown in Fig.l.l is an elongated flat plain b6rdered
 
by a chain of mountains and volcanoes at the eastern side and highlands
 

and low hills on the western side.. It-covers-an area of 3120 sq.km. and
 
extends in northwest-southeast direction approximately 135.km. with!a
 

maximum width of 35 km.
 

The basin's principal waterway is the. Bicol River which originates
 
at Lake Bato and meanders generally in a northwestwardly direction-until
 

it meets"the Sipocot River coming from the north. 
From the confluence 

of these !two rivers, the Bicol widens considerably as it travels in a 

northeast directibn to its outlet at San Miguel Bay. 

the main tributaries of the: Bicol River are the Quinali, San Agustiin, 

Irraya and Pawili Rivers, while tnose or the Sipocot River from the north 

are the -ulantuna, Culacling !and Yabu Rivers. 

The three lakes in the.basin - Lakes Baao,'., Buh, .and Bato, providea 

tributary,; 
 flow into ,theBicol'River. 
The scenic Mayon Volcano is also
 

w ithin
the basin.*.
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1.2 Fl',od .,Control Measures 

Six modifications to the river system in the Bicol River Basin were
 
proposed as measures which would serve to reduce river stages during
 

periods of flood. 
The suggested modifications shown in Fig.ll are
 

(U)Pulantuna Reservoir, (2)Sipocot Diversion, (3)Tidal Barrier, 

(4)Cutoff Channel no.3, (5)Bicol Diversion, and (6)Channel Deepening,
 

The effectiveness of the following 10 systems of basin modifications
 

designed to reduce river stages were reported by Ackermann, et al: (1975).
 

(i) Pulantuna Reservoir 
(i) Sipocot San Miguel Diversion
 

(iii) Tidal Barrier
 
(iv) Cutoff no.3
 

(v)Bicol Ragay Diversion
 

(vi) Channel DeeDeninr
 
(vii) Tidal Barrier + Pulantuna Reservoii 

(viii) Bicol-Ragay Diversion + Pulantuna Reservoir 

+ Pulantuna Reservoir
 

(x) Bicol-Ragay Diversion + Tidal Barrier 
+ Sipocot-San Miguel Diversion + Pulantuna Reservoir 

The <followingadditional combinations of flood control measures were 
identified as deserving further investigation and are considered in the 

• present study. 

(1) Sipocot Diversion + Cutoff no.3 
(2): Sipocot Diversion + Bicol Diversion 
(3)Sipocot Diversion + Cutoff no.3 +!Bicol"Diversion 
(4)"Cut0ff no. 3+ Bicol'Diversion
 

(5) Cutoff no.3 + Channel Deepening, 
(6)Cutoff no.3 + Bicol Diversionl+ Channel!Deepening 
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(7) Bicol Diversion + Channel.Deepening
 

'(8) Sipocot Diversion withdrawing a controlled: ,
 

discharge of 32 CMS.
 

1.3 Flood Drainag:e fromUpper Reaches of Bicol Itiver 

The river basin in the vicinity or Laxe jjato proviaes. a .arge. voLume 

of storage which is effective in reducing flood peaks in the lower reaches
 

of the Bicol River during rainfalls associated with typhoon storms., 

,.considerable time is required however to,drain this water from the LaKe 

Bato regions Surrounding agricultural land ,is inundated for many weeks 

after the occurrence of a major storm in the basin,. 

If the Bicol: River is deepened in the upper .reaches of the basin, 

the flood'waters would be drained more rapidly in the Lake Bato region, 

and hence promote better land drainage. A structure controlling the dis

charg.e from Lake Batowould be required however if the River were
 

deepened, in order to prevent the dowastream peak river stages to be
 

furtheri increased durine periods of maximum flood discharge. 

In,the present study, the levels in the-Bicol River were studied ror 

a period of 4 days following flood peaKs for the roiLowing Dasin 

modifications: 

() Channel Deepening +.Controi Structure at Lake Bato 

(2), Channel Deepening + Bicol-Ragay Diversion + control Strutue 

at Lake Bato. 
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1.4 Salinity Intrusion
 

The proposed flood control meatiures woUd have:aneffectonthe hvdro
,,dynamics of the river system during? periods of low flov. These changes 
could have adverse errects on the,salinity distribution in the basin.
 
Of principal concern is the effects,on salinity distribution which would'
 
result from-the construction of Cutoff no. 3 and from fresh water withdrawal 

from the Bicol River at the location of the proposed Bicol-Ragay:Diversion. 

In the present study, these effects are investigated. 
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II EFFECT OF FLOOD CONTROL MEASURES ON RIVERSTAGES
 

2.1 Description of Basin Modifications
 

The effect of various flood control measures on Peak river stages 

produced during the 13 year design storm were investigated. The storm 

having this frequency of reoccurrence had the same rainfall intinsity as 

that produced by Typhoon Sening in October of 1970. The-total 2 day basin 

rainfall for the 13 year design storm was 360 mm. Eleven various basin 

configurations were investigated. Theleffects of these various alternatives 

inproducing changes in the river stages are shown in Figs.2.1 through 

2.12. These alternatives are referred to for purposes of convenience 

as Systems A. B and C and Systems 1 through 9. 

System A The basin modification referred tobas System A consists 

only of a deepened portion of the Bicol River nearLake Bato as showniin 

Fig.l.1. The elevation of this deepened portion is l meter.above.MSL. 

System B System B is similar to System'A except that the deepened
 

elevation of the river is 2 meters above MSL. Systems 5, 6 and7 which.
 

shall be described below include the deeDened river channels'to the 2

meter level referred to as System B.
 

System C System C is similar to System A except that the deepened 

elevation of the river is 3 meters above MSL. 

Systems 1 through 9 and A through C are described in Table 2.1. The 

"x" marks represent those basin modificationsincluded in a particular 



-7-


Table 2;1 - Description of Flood Control Systems. 

Basin Modification 
 .- -

Channel Deepeningto: 
 -

- - - -1 meter above MSL x - , - - - - - - 

2meters above.MSL x 
 x x x
 

3 meters above MSL 
 I,x'
 
i - i~- - I I I - I,. - -  -

Sipocot Diversion 
 x x:, x
 

Cutoff no.3 x 
 Ix x x x
 
Bicol Diversion 
 - x x x x 


Controlled withdrawal of
 
32 CMS at Sipocot Diversion X I
 

The effect on flood levels caused by a constant withdrawal rate of
 

32 CMS at the Sipocot Diversion was also considered. This condition,is
 

included in Systems 8and 9.
 

2,*2 Effect,of Basin Modifications on:River Stages
 

.An,analysis was.first made 'ofthe effects of deepening the'upper
 

•'reaches ofthe Bicol River as described by Systems AB and C. The various.
 

levels,of-channel deepening produced different river stages at different
 

locations,in,the.river basin. This."information is provided-in Fig .2i90
 

The intermediate bed elevation of 2 meters above MSL was used in the sub

sequent analysis of Systems 5, 6 and 7.: An estimate of the response
 

of Systems 5, 6 and 7 to channels deepened to the 3 meter and 1 meter 

levels can be estimated by observing the relative effects of channel 

x 
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-,deepening to different elevations at Lake, Bato and Ombao.
 

Figs.2,1 thrugh 2.4 show the effect of Systems.1 through 7 on
 

river stages at Lake Bato, Ombao, Naga City, and Libmanan. In each
 

figure the upper diagram, called the Reference Stage Hydrograph, shows 

the stage hydrograph for a 13 year storm 'in the unmodified river basin. 

The lower diagram describes the daily change in river stage from conditions 

described in the Reference Hydrograph which result from the7?basin 

modifications.
 

Schemes 8 and 9 include consideration.of conditions which would exist 

if irrigation withdrawals: are restricted ito the Sipocot "Diversion of only 

32 CMS0 Under uncontrolled conditions at the location of the diversion, 

a much larger discharge would normally pass through the diversion channel 

into San Miguel Bay. Fig.2.5 provides a comparison between the flows 

through the uncontrolled diversion for the 13 and 50 year flood and the 

controlled flow of 32 CMS. The:32 CMS represents only approximately 13%, 

of the maximum discharge that would otherwise pass through the,'diverslon
 

channel. It would therefore be expected that. the effect of the',32 CMS
 

withdrawal rate would be,small on reducifng the flood peaks throughout
 

the basin. 

Figs. 2.6 through 2.8 show, the: change in the river stages at Libmanan, 

Naga City and Ombao which would result from river basin modifications 

previously described as Systems 8 and 9. The information is presented 

for floods having a recurrence period of 13 and 50 years. Fig. 2.9 shows 

the water surface profile along the Bicol :and Sipocot Rivers during the 

.period of flood peak for Systems 8 and 9.. This figre shows the negligible 



effect that: the controlled,discharge of :32 CMS has on the peak water
 

levels.
 

'Fig.2.i0 describes the effect of Systems A, B,. u 
and 1 through 9
 

on the change in peak river stages in the event of a 13 year storm.
 

...
Tables 2.2 and 2.3 provide a summary of information regarding flood peak 

reduction and changes in the, lday average of .river stages .for all.of 

the various flood control systems investigated.
 

Table 2.2 - Effectiveness of the Various Flood Control Measures in Changing
Flood,Peak Level.(13-year Flood) 

Combination of Flood Control 

Measures 

1. Sipocot diversion + Cutoff no.3 


2. Sipocot diversion + Bicol 

diversion
 

3. Sipocot diversion + Cutoff no.3
 
+ Bicol diversion 

4. Cutoffno.3 + Bicol diversion 


5. Cutoff no.3 + Channel 

deepening (2 m) 


6. Cutoff no.3 + Bicol diversion
 
+,Channel deepening (2mn)-6-94
 

7. Bicol diversion + Channel
"deepening (2 m) 


*8.32 CMS at Sipocot diversion 


9. 32 CMS at Sipocot diversion-+ 

Bicol diversion
 

Reduction or Increase in Flood Peak
 
Level (cm)
 

Lake Bato Ombao Naga City Libmanan
 

-2 -24 -20 -44,
 

-3 -64 -17 - - 64
 

-2 -75 -10 .-67 

-2 -75r' l0 -4 

"4 1 +11 - 11 
-46 -14 +11 -1 

51 ::  -16 :' W"-. 5 :;6 ) ,,
 

-2 -9 
 -8 -12 

-3 -64 -712 

http:Fig.2.i0
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Table 2,3- Effectiveness of the Various Flood Control Measures in Changing 
the ll-day Average River Stage Following the Flood Peak 
(13-year Flood) 

Reduction or Increase in the 11-day, 
Combination of Flood ControlMeasures 

Average River Stage following the 
Flood Peak (cm) 
Lake Bato Ombao JNaga City Libmanan. 

1. Sipocot diversion + Cutoff no.3 -2 -18 -72 -15',. 

2. Sipocot diversion + Bico-
diversion 

7 -
-23 

3. Sipocot diversion + Cutoff no.3 0 -61 -109 -17 
+ Bicol diversion 

4. Cutoff no.3 + Bicol diversion 0'. -61 -109 -1 

5. Cutoff no.3 + Channel -58 +7 -62 0 
deepening (2 m) 

6. Cutoff no.3 + Bicol diversion' -51 -37 106 -1 
+ Channel deepening (2 m) 

7. Bicol diversion + Channel 50 - 31 -66 -, 

deepening (2 m) .50 

8. 32 CMS at Sipocot diversion 0 0 2 -U. 

9. 32 CMS at Sipocot diversion.+. 0 -4 7 -13 
Bicol diversion 
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Fig. 2.3 Changes in Water Surface Levels at Naga City due to 
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1117 LONG, TERM' DRAINAGE,.INl UPPER REACHES, OF BICOL RIVER 
The post flood period in the upper reaches ofthe Bicol River Basin 

is characterized by areas of inundated or swampy land in which the water 
remains stagnated as a result of poor drainage conditions. By deepening
 

the upper reaches of the Bicol River between kilometers 69 to 84 better
 

drainage would exist as a result of the lowering of the river water
 

surface elevations. In the present studys the long term water levels in
 

the river were studied for conditions where the 13 year 2-day design
 
storm was followed by a surface runoff which corresponded to an average 
base flow condition in the watershed. The relationship between the base
 

flow and the corresponding watershed area is
 

Qb= 0.063 A
 

where b = 
base flow in cubic meters per second 

A = catcnment area in square kilometers.
 

In the region or interest between Ombao and Lake Bato, the river water
 

,levelswere simulated for a 
42 day period following the 13 year storm.
 
In order that the deepened channel would not cause increased flood peaks 

downstream, a control structure was considered to exist at the exit from 
Lake Bato. This control structure was operated in a manner that, during
 

the pre-flood peak period, a downstream discharge would be provided 

similar to that which would have occurred in the ummodified or undeepened 

river basin with no control structure. Immediately after the period 

of downstream peak water levels was reached, the control structure was, 

fully opened to permit Lake Bato to discharge through the deepened 
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channel downstream with no losses or flow obstruction from the control
 

structure. As shown in Figs.3.1 through 3.3, the gate is shown to open
 

on day 14. Two conditions were investigated. One where the control
 

structure existed with a deepened channel (System B) and the other where
 

t.he control structure and deepened channel existed as well as the"Bicol-

Ragay Diversion. 

"The downstream boundary condition formed by the ocean level was 

fixed at mean sea level. A separate analysis revealed the7 fact that this 

simplification only produced noticable variations at Libmanan from those 

where astronomical tides were included. 
This Simplification enabled
 

larger time increments to be adopted when computing flood levels 
for
 

the lonj term stage hydrograph in the basin.
 

Figs.3.1, 3.2 and 3.3 show the stage hydrograph at Libmanan, Naga
 

City and eight stations between Ombao and Lake Bato. 
The18.75 km.
 

reach between Node 18 and Lake Bato experienced a significant reduction
 

in water surface elevation. This: reduction would enable the surface
 

drainage in the Lake Bato and Lake Baao area to be accelerated if adequate 

drainage channels to the river exist or could be provided. The results 

also indicate that the effect of the Bicol-Ragay Diversion does not 

maerially affect the river stages in tne deepened portion of the Bicol 

,-River.
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S.1 •Introduction 

During the period of low flow, salinity intrusion into San Miguel 

Bay pollutes the lower portions of Bicol River. The intrusion is caused 

by the effects of convection and longitudinal diffusion. Convection of 

salinity is produced by the movement of sea water which carries the salt 

water into the river. Diffusion of salinity is produced by the existence 

of the density gradient of the salt and fresh water mixture. The extent 

of the salinity intrusion depends mainly upon the fresh water flow in 

the river and the geometry of the river channel. 

Changing the river geometry (i.e. the construction of diversion 

canals or cutoffs) would produce a change in the salinity distribution 

Along the river. Diversion canals and cutoffs are usually built for the 

purpose of irrigation as well as flood control. However, a careful 

consideration should be carried out to clarify the effect of such struc

tures on the changes of the salinity distribution especially during the 

period of low flow. Cutoffs increase the discharge capacity of the 

river but allow a greater amount of sea water to enter the river if the 

cutoffs are located within the tidal reach. Diversion canals divert 

a portion of the fresh water from the river and reduce the river discharge 

to the sea. A reduction in fresh water flow in the river channel would 

result in an increase inthe salinity distribution along the river. 

In the present study, a mathematical model of the river system 

describing the salinity distribution throughout the Bicol River'Basin -s 

developed. The effects of salinity intrusion during periods ofi low 
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flow will be studied for the followin bain ofigatin..

(i)Present system with no other modifications
 

(ii)Present system plus Cutoff no.3
 

(iii) Present system Plus irrigation withdrawal of 50% of Bicol
 
River discharge through Bicol-Ragay Diversion.-
 (A withdrawal of 50% of 
Bicol River discharge is estimated as 30 CMS during the periods of low 

flow.)
 

(iv) Present system plus Cutoff no3 plus 50%sof B~col Rver dscharai
 

withdrawal through Bicol-Ragay Diversion.
 
The continuity and momentum equations are used 
to describe he hydro

dynamic or flow conditions in the river system. The salinity distribution 
along the rivers is computed from the salt balance equations. 
A base
 
•flow identical to that described in Part III (Chapter on Long Term Drainagi
 

is consideredas the source of fresh water supplied to the rivers. 
This
base flow is computed from the analysis of low flow data of previous
 
hydrologic records. 
 A sinusoidal water surface fluctuation at the BDicol
 
,River mouth isassumed as the downstream boundary condition. 
The maximum
 
ocean salinity is assumed at the river mouth during the period of flood
 
tide. 
During the ebb phase of the tide, the salinity variation at the 
river mouth is computed from the amount of salt within the river basin.' 
The analySis is expected to provide-qualitative results which could be
 
used to determine the relative effects of flood control measures on 
the, salinity istribution' in the river basin. 

The mathematical model is translated into.FORTRAN IV 6omputer 
program. Salinity distributions are.computed both in the Bicol and 
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Sipocot Rivers. "The important locations where the variation of salinity 

ispresented are at Libmanan, Cuyapi and Naga City. These locations 

are significantly influenced by salinity intrusion during the periods of 

low flow. 

4.2, Basis for Mathematical. Model of Salinity Distributiom 

Salt Balance Equation The node and branch computational scheme 

developed by Meijer, Vrengdenhil and De Vries (1965) is used to construct 

the mathematical model describing the salinity distribution in the Bicol 

River. 

From the continuity of salt mass, the salt balance equation for, 

a node in a river system can be.written as 

E.(QS, E[QSIou (AE -) + E(AEPLOt +, d 


Convection Diffusion
 

In Eq. (4.l) V is the volume of the mixturpe in ,the .node,S 

is the average weight of .saltper unit volume" of the. mixturd in.'.the 

node, '.is the average weight of salt per unit volume of the mixture 

-in the upstream node, Q isthe branch discharge.in or,out from the node,

A is the average cross sectional area of the branch, E is the diffusion 

,-zamzter of the branch, L is the length of the branch, N is the rate 

of salt-mass added to the node and .tis the time. In the present study, 

N is considered as zero.
 

Eq.(4-1) implies that 'the rate of change of salt.weiht content
 

in the node is equal to,the summation of the salt mass transport produced
 

http:discharge.in


by convection and diffusion into and out:from the node.* 
In the derivation
 

,ofEq(4.), the following assumptions are made:
 

a) Salinity distribution over the cross section-is uniform.
 

b) Salinity within the node is the averagesalinity in the
 

river portion defined as the node vicinity.
 

c) The salinity of the salt water mixture leaving izthe node,is
 

equal to the salinity defined for. that node.
 

d) The salinity gradient along the branch joining the two nodes 
is equal to the ratio between the difference in the salinities of the 

two nodes and the length of the branch. 

e) There is no dissipation of pollutant in the flow system. 

The salt balance equation which is'derived however is usable 

for-the node and branch scheatizatilon inwhich the length of the branch 

and the time step is not excessive. Considerable error may occur if the 

scale of the schematization is disregarded. 
The diffusion parameter, E, for the mass transport in an open 

channel described in Eq.(4.2) has been suggested by Fiwher (1970) to be 

a function of the diffusionconstant, k, the hydraulic mean depth, R, 

and theiflow velocity, Vs as follows: 

E kR5/6 lVI (4.02) 
Substituting Eq.(4.2) into Eq.(4.) and,siplifylg, the salt 

balance equation can be written as
 

.d(VS) 5/6 "AS 5/6 dS1(Qs' )in E(kR- IQ ,En(kR iQJ") NA 
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Eq.(4I.3) can be simplified and rewritten as
 

d/61S
dt-v (E(QS' .- E(Qs), - Z(ka
R5 dSl + E(kaR..5/6 Il dSdLoutIin out PQj~in out 

-S(EQ nEQo~t (44) 

Eq. (4.4) expresses the time variation.of salinity within the 

node. The total derivative is used in the derivation since the salinity 

S of the node which is fixed in space is the function of time alone. 

Hydrodynamic Equations The hydrodynamic equations which are used 

to describe the unsteady free surface flow in open channels are the 

continuity and momentum equations. The equations are described in Volume
 

II of the AIT Research Report No.48 byAckermann, et al (1975) on the 

determination of the effectiveness of flood control measures on the flow
 

in the Bicol River Basin. The equations are derived to handle the dynamic 

as well as storage effects in the main channel and berms. The continuity 

equation expressed for a node becomes 

.dH EQin . Qout 
dt :F 

Themomentum equation for a branch is expressed as
 

, [ Q in- out node 1-(EQ in out node 2 MQ, 
dt A F , + F -' 1+ 2(A l 

12 A L
 

AL 2 1 L H2 - 1 ) 3 
3 [ E K.] 2 

E PiQ~v iV 
where' M = i=1(4) 

PQV 

AR2 1 3
Ki K 1 iAA (I. 

http:variation.of
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in kqs.(4.5) and (4.6), H is the stage, Q is the discharge, 

F is the surface area of the node, M is the momentum correction factor,
 

T s the topwidth, A is the cross sectional area, L is the length of 
the branch, g isthe gravitational acceleration, K is the conveyance,,
 

V is the velocity, n is the roughness coefficient, R isthe hydraulic
 

mean depth. The subscripts 1 and 2 respectively refer to the upstream 

and downstream nodes.
 

Eqs.(4.5) and (4.6) neglect the effect of density gradient
 

when it is applied within the tidal reach. 
However, such effects were
 

studied and found to produce no significant error on the comutation-,
 

of the water levels and discharges within the tidal reach. 

Coupling of Salt Balance and Hydrodynamic Equations Inorder to 
determine the salinity distribution along Bicol and Sipocot Rivers, the
 
water levels, discharges and salinities have to be solved simultaneously.
 

Under sim!pl2fied conditions (e.g. when the effect of the density gradient 
of the salt 'water mixture is neglected) the density gradient term in 
the momentum equation isnot included. Obtaining the discharges and. 
water levels from the continuity and momentum equations, the salinity 
distributions along Bicol and Sipocot Rivers are then solved independently 

from the salt balance equation. No information on the salinity distri
bution isrequired when the water levels and discharges are recomputed 
for the next time interval from the continuity and the momentum.equations,. 
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Finite Difference Scheme An exact analytical solution of the 

hydrodynamic and salinity equations is impossible. One possibility is to 

obtain the solution through the application of numerical integration.
 

The continuity, momentum and salt balance equations 
are expressed in finite 

difference form. The finite difference schemes which are used to express 

the derivatives with respect to time can be written as 

it + . "Of] +0 oft+tJ<tl (4.10),
t+At
t + 

In Eq.(4.l0), f(J,t) = where J is the unknown vector
 

representing either stage, discharge or salinity. 
The weighting factor.
 

" 6, chosen was suggested by Vreugdenhil (1968) as 0.55.
 

Eq.(4.l0) is then substituted into the continuity, momentum
 

and salt balance equations which are then linearized by assuming that
 

the multiple products of the incremental changes of the stage, discharge
 

or the salinity are small. Obtaining the set of linear finite difference
 

equations, the incremental changes in 
the stage and the discharge are
 

first solved from the continuity and momentum equations.
 

Subatituting the computed values of stages and discharges into
 

the finite difference salt balance equation the incremental changes in
 

the salinity at various nodes assigned to the Bicol and Sipocot Rivers
 

are obtained.
 

4,3 Construction and Investigation of Hydrodynami4and, salinity Models 

for Bicol and Sipocot Rivers
 

It is required to study the iffects of Cutoff no. 3aid the Bicol-

Ragay S ' " ' " ' " .... " ;he;""' co-!"" S" nocot"' "'Diversion on the salinity distributon along the Bicol and. SioAol 

http:Eq.(4.l0
http:Eq.(4.l0
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Rivers during the period of low flow. The model which was previously 
constructed could describe the hydrodynamics of the river system under
 
low flow conditions. 
The salinity model is constructed to describe the
 
salinity distribution in the region for whatever hydrodynamic conditions 
exist. Lack of:,low flow salinity data for calibration prevented an accurate 
evaluation of the " diffusion constants in the salinity model. A range of 
assumed values of the diffusion constants were therefore used. 
A study
 

is made of possible errors produced by incorrect assumptions of values
 

used for the diffusion coefficients.
 

Model Construction The mathematical model for the salinity

intrusion consists of both the hydrodynamic model and the salinity model. 

The two models are operated in conjunction. The 'solution field of thi
 

model covers 
the region of the Bicol and Sipocot Rivers from Lake Bat(
 
and Napolidan 
to the river mouth at San Miguel Bay. The rivers, are
 

schematized into nodes and branches as' indicated in Fig.. 
 '. Twenty 
three nodes and twenty six branches are involved in the schematization
 

for the mathematical model.,: The geometry of river channel and9 cutoffs
 

are included in the models.
 

The effect of the irrigation withdrawal of 30 CMHSfrom the Bicol-
Ragay diversion is determined by substructing that amount of discharge' 

from the Bicol River at the location of the diversion. The continuity
 

and the salt balance equation is written for every node. The momentum 

equations are specified for every branch. 
The output of the hydrodynamic
 

model describes the time variation of the water level at every node and 
the discharge at every branch. The salinity model provides the discritized, 
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salinity distribution at the nodes.
 

Boundary Conditions The investigation is made during the low
 

flow period. The boundary conditions assigned to the mathematical model
 

are selected as those which could produce the low flow condition. Two
 

types of the boundary conditions are involved in the hydodynamic models.
 

The fresh water inflow into the Bicol and Sipocot Rivers during dry
 

seasons (i.e. base flow) and the sea level oscillation at the Bicol River
 

mouth at San Miguel Bay. The base flow equation which describe the
 

amount of fresh water discharge to the rivers iat the various node points 

can be expressed as
 
°
%-o.~06s: 87c~ 

(4.*11)
=b 0.063 AcI CMS 

In Eq.(4.l), b is the base flow discharge into each node 

while A is the catchment area in square kilometers astigned to eacn node. 

The base flows are computed for each node and are kept unchanged throughout 

the period of investigation. Fig.42 shows the base flows which are 

computed for various nodes assigned to the Bicol and Sipocot water courses.
 

The water level oscillation at thq Bicol River mouth, during
 

-the period of low flow, is described by a sinusoidal wave having the
 

amplitude of one meter with respect to mean sea level with the period,
 

of twelve hours. No storm surges are considered during this :1w flow
 

period. This downstream boundary condition is shown in Fig.4.3,'
 

For the salinity model, only the salinity boundary conditi,3n
 

at the river mouth is required. The salinity at the upstream end of 

the river reach (i.e. at Lake Bato of BicoL.River and Napolidan of the 

Sipocot River) are set as zero. The salinity boindapy conditinn at 
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the river mouth at San Miguel Bay is tzeated in two parts depending 

upon whether.the tidal flow is in the ebb or flood phase. The boundary
 

salinity needed to be'specified only during the flood portion of the 

tidal cycle. The boundary salinityduring the ebb phase is computed 

in thelmodel assuming that the convection of salt out of the estuary is 

determined by the salinity distribution in the estuary. During the 

flood tide, the boundary ialinityat this location has the value of the 

ocean salinity, So . Salinities calculated during the ebb phase will
 

always be less than S because of the dilution due to fresh water leaving
 

the estuary. The minimum salinity occurs at the end of the ebb phase.
 

To avoid an abrupt: shock in the numerical scheme, it is assumed that the
 

salinity returns to the ocean salinity S in a transition period equal
 

to 33% of the-tidal period. The salinity variation within that transition
 

period is shown in Fig.4.3. The ocean salinity used in the present study
 

is assumed to have the value of 32 ppt.
 

Initial Conditions The computations in the hydrodynamic and
 

salinity models require information regarding theinitial flow and," 

salinity conditions at the start of the computation. For the hydrody.namic 

model, the initial steady state flow condition is used at the start of the 

computation. The computation of the initial steady flow condition is 

performed keeping the water level at the river mouth at mean sea level. 

A reasonable water surface profile is then assumed along the riVer reach. 

The computations are repeated until the computed water surface profile 

converges to steady state values. 
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In the salinity model, the initial salinity distribution
 

alongthe river reach'is assumed to be zero everywhere except at the
 

river mouth, where the maximum ocean salinity is 32 ppt.
 

Quasi-Steady Computation 
 In the present study, the computed
 

time variations of the stages, discharges and salinities in the Bicol and,,
 
Sipocot Rivers are repeated periodically from one tidal cycleto the
 

next. 
This occurs since the water level oscillation at the river mouth
 

is periodic and the fresh water inflow to the river is kept constant.
 

It was found that the computed flow conditions and the salinity repeat
 

themselves after the computation has been advanced for twenty tidal:
 

cycles. 
Since the phenomenon is repeated, the computational results
 

are therefore presented only for a single tidal cycle.
 

Model Study 
 Due to the lack of, salinity data, the calibration
 

for the diffusion constants in the salinity model is impossible. From
 

the study by many investigators, it was found that the diffusion
 

constants k in the case of open channel flow can vary within the range
 

of 0 to 60 m1/6
 The values of k of 0,,30 and 60 are therefore assumed 

in the salinity model. The hydrographs of the stages, discharges and 

the salinities for the values of k equal to 0, 30 and 60:are presented 

at Libmanan, Cuyapi and Naga City as shown in Figs.4.4, 4.5 and 4.6. 

From the computed results, it was found that the diffusion constant k
 

produces only slight changes in the salinity hydrographs at those
 

locations. The effect of the diffusion on the salinity apparently
 



increases in the upstream direction., However, the magnitude of the 

chanue seems to be practicallv insip-nificant both in terms of the 

salinity,,variation and the length of intrusion. Figs.4.4, 4.5 and 4.6 

show the salinity distributions along the Bicol and Sipocot Rivers for
 

various values of the diffusion constant, k.
 

in the present Istudy, the value of the diffusion constant, k, 

is 'taken as 30 throuhout the neaiod of study. This value of the 

diffusion constant is a common value applicable to the study of salinity 

intrusion in open channels. The profile of the maximum and minimum 

salinities are presented in Fig.'4.7 for various values of the diffusion 

constant. k, 
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4.4 •Model Application 

idal and Hydrological Conditions, ."The effect of the flood control 
measures on the salinity distributions along the Bicol and Sipocot 

Rivers is determined under specified tidal and hydrologic conditions,
 

A sinusoidal water surface fluctuation with the amplitude of 1 meter and 
the period of 12 hours is specified as the boundary condition at the
 
river mouth. No rainfall is assumed 
 during the period of 'investigation. 

Fresh water inflows to the rivers are from the base flow within the basin, 
catchment. The base flow equation is obtained through an analysis of
 

the low flow records.
 

Roughness Coefficientsand DiffusionConstants 
 The flowconditlon 
and the salinity distribution along th 'rivers are dictated by the rough
ness coefficients and diffusion constants. 
 The roughness coefficients
 

for the river channels and the cutoffs 
are the same as those determined 
from the previous flood control study (1). 
 The diffusion constan;s
tare 
taken as 30. The roughness coefficients and the diffusion constants are 
kept unchanged throughout the period ,of investigation.
 

Basin Modifications 
 The effects of salinity distribution during 
the period of low flow are studied for the following basin configurations. 

a) Present system with no other modifications 

b) Present system plus Cutoff no.3 

C) Present system plus 30 CHS withdrawal into the Bicol-


Ragay Diversion 

d) Present system plus Cutoff no.3 plus 30 CMS withdrawal.into
 

.the .Bicol-Ragay Diversion. 
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The effectiveness of these basin modifications on the flou
 

condition and the salinity distribution are computed and presented"..in
 

this section.
 

Present System with No Other Modifications From the given tidal,
 

hydraulic, hydrologic and salinity conditions, the flow condition and
 

the salinity distribution are computed when the present river basin is
 

unmodified. The computed results are used as the reference in determining
 

the effect of the vaiious flood control measures selected. Flow con

ditions: at Libmanan, Cuyapi and Naga City are shown in Figs.4.8, 4.9 

and 4.10. For these flow conditions, the corresponding salinity-time 

variations fora tidalcycle at the same locations are presented in the 

same figures. The maximum salinities at Libmanan, Cuyapi'and Naga City 

are found to be 9 ppt, 21.6.ppt and 0.8 ppt respectively. The lengths 

of salinity intrusion are found toibe 45 kolometers in the Bicol River 

and.43 kilometers'in the Sipocot Rivbr, as measured from the Bicol
 

River mouth. This is shown in the summary material inFigs.4.ll and 

,4.12 

Present System with Cutoff no.3 For this system, the geometry 

of Cutoff no.3 is included in the basin configuration. The flow condi-' 

tion and the salinity distribution :along the Bicol and Sipocot Rivers 

are computed and compared with the system with no bas'in modification. 

:Nosignificant changes in the flow condition at Libmanan and Cuyapi. 

could be observed.; However, at NagaCity, lower discharge and peak 

.stage during high tide were observed. Increases in the salinities could
 

.. An increase
be observed everywhere both in the-Bic6l and Sipocot-Rivers. 


http:Figs.4.ll
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in the length of salinity intrusion was also found to occur in the Bicol 
River. 'IromFigs.4.8, 4.9 and',4.10, it was observed 'thatthe maximum 

salinities at Libmanan, Cuyapi and Naga City increase respectively from 

9 to 9.4, 21.6 to 22 and 0.8 to 2.6,ppt. From Fig.4.11, the length of
 

salinity intrusion in the Bicol River increased from 45 kilometers to
 

50 kilometers. No significant change in the length of,intrusion could 
be observed in the Sipocot River, 
The average increase in salinities
 

over a tidal cycle at Libmanan, Cuyapi and.Naga City were. 0.3, 0.3 and'
 

1.5 ppt respectively.
 

Present System with Withdrawal at Bicol-Ragay Diversion The'
 

geometry of the diversion is not included in the basin configuration in
 
this case study. 
The effect of the diversion is simulated by subtracting 

25 and 50 percent of river discharge from the Bicol River when the river 

system has no modifications. Withdrawing 50% of the low flow corresponds 

to a discharge of,30 CMS. At the location of the withdrawal the flow
 

was approximately constant since the Bicol-Ragay Diversion point is 
.situated far upstream and almost beyond the range of tidal effects., At 

that'location the fresh water flow was approximately 60 CMS.'C'omparisons 

between the computed flow condition and salinity distribution under the 

condition with and without the irrigation withdrawal at the Bicol-Ragay 

Diversion are made. No significant changes in the flow condition at 
Libmanan and Cuyapi could be observed when theleffect of the diversion. 

isincluded as shown in Figs.4.8 and 4.9. Considerable decreases in 
the discharge and stage however occur'at Naga City which is located down

stream from the diversion locaition. The results are shown,-in Fig.4.10. 

http:Fig.4.10
http:Fig.4.11
http:and',4.10
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The maximum salinities at Libmanan, Cuyapi and Naga City when the 50% 

discharge diversion is included are found to increase to 10.7, 24,2 

and 4.2 ppt (i.e. by the amount of 1.7, 2.6 and 3.4 ppt respectively). 

The average increases in salinities over a tidal cycle at those correspond

ing locations are found to be 1.5, 3.6 and 2.4 ppt. The length of intru

sion along the Bicol River is increased from 45 to 50 kilometers when the 

50% .diversion is included and from 45 to 47 kilometers for a 25% discharge 

diversion. No increase inthe intrusion length in the Sipocot River could 

be observed. This is shown in Figs.4.ll and 4.12. 

Present System with Cutoff no.3 and Withdrawal at Bicol-Ragay 

Diversion An investigation ismade of the combined effects of Cutoff 

no.3 and withdrawal at the Bicol-Ragay Diversion on the flow condition 

and salinity distribution along the rivers. The simulation is performed 

by including the geometry of Cutoff no.3 into the basin configuration. 

The diversion effect on the flow is simulated by subtracting 50 percent
 

or 30 CMS of the Bicol River discharge at the point of diversion. From
 

Figs.4.8 and 4.9, the salinities and the flow conditions at Libmanan
 

and Cuyapi are practically unchanged when the cutoff and diversion effects
 

,are included. The results shown in Fig.4.10 indicate that at Naga City
 

there exists a reduction in the discharge and peak stage from those
 

which occurred when the basin had no modifications. Considerable effects 

caused by Cutoff no.3 and the withdrawal at the location of the Bicol-

Ragay Diversion are observed at Naga City by the increase in its salinity. 

Figs.4.8, 4.9 and 4.10 show that the maximum salinities at Libmanan, 

Cuyapi and Naga City are increased respectively from 9 to 10.9 ppt, 

http:Fig.4.10
http:Figs.4.ll
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21.6 to 24.5 ppt and 0.8 to 7.Opp. The average increases inthe
 

salinities over a tidal cycle at those respective locations are approxi

mately 1.6, 2 and 5.6 ppt. The length of salinity intrusion is increased
 

from 45 to 54 kilometers along the Bicol River. No significant increase
 

in the length of salinity intrusion-occurs along the Sipocot River. The
 

lengths of intrusion along the Bicol and Sipocot Rivers are shown in
 

Figs4,ll and 4.12.
 

Similarly for the case oi a 215 d1scnarge 1iversion and Cutoff
 

no.3, it was found that the intrusion length along the Bicol River was
 

increased from 45 to 50 kilometers. No significant changes occurred
 

along the Sipocot River.
 

4.5 Discussions
 

The salinity distribution and flow condition along the Bicol and
 

Sipocot Rivers are computed from tha continuity, momentum and salt
 

balance equations. The first two equations form the so-called "hydro

dynamic model" while the last equation is used inthe "salinity model". 

In the hydrodynamic model, the roughness coefficients are those found 

from previous-investigations (1). The roughness coefficients are assumed 

unchanged regardless of the changes in the flow conditions in the rivers. 

The salinity model L&jAPtalibrated since no available salinity data 

existed during the period of the given low flow used in the present study. 

The importance of the calibration for the salinity model is to determine 

the proper value of the diffusion-constants. These constants influence 

the salinity distribution along the river reach. However, from a detailed 
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study .of the behavior of the salinity model, itwas found that the
 

diffusion effect is only of minor importance in determining the 

longitudinal salinity distribution when compared with that produced by 

the effects of convection.
 

The diffusion constants which are used in the present study are
 

.
taken as 30 mI/6 In general, the diffusion constants could vary within 

the range of 0 to 60 mI . The value of 30 is taken since it is commonly
 

used when the diffusion of salt water along open channels is studied.
 

Regardless of whether the salinity model is calibrated or not, the
 

error in the computed salinity distribution caused by using inaccurate
 

diffusion constants is expected to be insignificant.
 

From the results of the present study, it was found that the flood
 

control measures consisting of Cutoff no.3, the Bicol-Ragay Diversion
 

withdrawal and the combination of these two schemes do not produce
 

any significant changes in salinities and their lengths of intrusion
 

along the Sipocot River. The maximum salinities at Libmanan and Cuyapi
 

when those flood control schemes are included in the basin are approxi

mately 10 and 20 ppt respectively. The length of salinity intrusion
 

along the Sipocot River is approximately 45 kilometers from the mouth
 

of the Bicol River. The location which corresponds to this length
 

of intrusion is within the vicinity of the town of Sabang,
 

Considerable increases in salinities and their lengths of intrusion 

however could be observed along the Bicol River. The presence of 

Cutoff no.3 together with the Bicol-Ragay Diversion withdrawal produces 

an increase in the length of salinity intrusion bv 10 kilometers (ie. 
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an increase from 45 to 55 kilometers asmeasured from'San Miguel Bay. The
 

approximate location of the 55 kilometers distance from San Miguel Bay 

along the Bicol River corresponds to the location immediately downstream
 

from the town of Ombao. It was discovered that the maximum salinity at 

Naga City is increased approximately by 300%, 400% and 600% for the 

following schemes:
 

(i) Cutoff no.3 

(ii)Ragay Diversion withdrawal
 

:iii) Cutoff no.3 and the diversion.
 

The increase in maximum as well as minimum salinities and the salinitj 

profile along the Bicol and Ragay Rivers are shown in Figs.4.13 and 4.14 

under various combinations of flood control schemes. 

From the analysis of-the results, an upstream withdrawal near the
 

Bicol Diversion of 30 CMS would produce a greater length of intrusion
 

and a greater increase in the salinities along the Bicol River than those 

produced by Cutoff no.3 alone. The removal of fresh water from the Bicol 

River allows salt water from San Miguel Bay to intrude upstre-an into the 

Bicol River since one could figuratively say that there then exists less 

fresh water to "push the salt water out". On the other hand, the cutoff 

shortens the river course and increases the channel conveyance capacity. 

The amount of fresh water passage to the sea is more or less the same. 

The cutoff however enables more of the flood tide flow carrying saline 

waters to enter the basin. Therefore, changes in salinities within he 

river portion where the cutoff is located should be expected. 

The results obtained from the study are expected to provide only 

approximations of the effects of flood control measures on the, salinity 

http:Figs.4.13
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distribution along ,the Bicol and Sipoc6t Rivers. The study is made for 

the period of low flow when the salinity condition is expected to be 

critical. No information of salinity distribution along the Bicol-Ragay, 

Diversion is provided since the geometry of the diversion isnot included 

in the study. 

During the flood period, fresh water inflow from the Bicol Basin 

watersheds to the Bicol and Ainecnt Rivar ai Anrmous. Intrusion 

of salt water from the sea therefore has less significance than that 

which occurs during the.low flow period. Adverse effects produced by 

flood control measures on the protection of salinity intrusion are 

expected to be insignificant as the amount of fresh water flow in the 

river channels increases.
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V, SUMMARY AND CONCLUSIONS
 

Three types of,problems associated with flood plain management have
 

been investigated; flood,peak reduction long term basin drainage and
 

salinity intrusion. Numerous basin modifications have been proposed and 

an analysis was performed of their effects with regard to the three types 

of flood plain management problems described above. 

Flood Peak Reduction
 

The changes in flood peak level and the 11-day average river stage 

following the flood peak which would occur as a result of a :13 year flood 

are described in Tables 2,2 and 2.3. The additional information provided
 

in the AIT Research Report No.48, Bicol River Basin Flood Control 

Investigation, have been added to the data in Tables 2.2 and 2.3 and is
 

presented in the summary tables.
 

The single most effective flood control measure for reducing water 

Levels along the Bicol River is the Bicol-Ragay Diversion. The host 

iffect-ive combination of-,nasures is the Bicol-Ragay Diversion and 

'utoff no. 3. 

song Term Drainage 

Figs.3.1 throu', 3,3 show that by deepening the Bicol River to a 

evel of 2 meters aboveMSL from Km. 69 to 84 the water levels in the 

Lake Bato Region for post flIood"peak periods is significantly lowered. 

Reductions of the ord-" of 1 to 2 meters is typical during a period of 

approximately one month. The reduced level ofthewater surface in thi 
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SUMMARY TABLE I
 
Effectiveness of the Various Flood Control Measures in Changing Flood Peak
 
Level (13-year Flood)
 

Reduction or Increase in Flood Peak
 
Combination of Flood Control 	 Level (cm):. ~Me a s u r e s •. 	 ..
MeasuresLakeBato 	 Ombao Naga City Libmanan 

1. Sipocot diversion + Cutoff no.3 -2 -24 -20 -44 
2. Sipocot diversion + Bicol 	 -6464 .. -64 ,:
divrson-3 	 -7.6
-17, 

diversion
 
3. Sipocot diversion + Cutoff no.3 -2 -75 -10 -67
 

+ Bicol diversion 	 ,__,..-._
 

4. Cutoff no.3 + Bicol diversion -2 -75 -10 -4 

5. Cutoff no.3 + Channel deepening -14 +11 -11
 
( 2 m ) . -r :-,
 

6. Cutoff no.3 + Bicol diversion 	 -61-43 '9, -4 
+ Channel deepening (2 m) 	 -43 -69 

7. Bicol diversion + Channel
 
deepening (2 m) -51 -16 -4
 

8. 32 CMS at Sipocot diversion -2 -9 -8 -12 

9. 32 CMS at Sipocot diversion
 
+ Bicol diversion 	 -64 -1.-12,+--o ivrin ------------ ----------------- -----------

10. 	Pulantuna reservoir* 0 0 +21' -29' 

11. 	Sipocot-San Miguel diversion* -2 -9 -9 -64 

12. 	Tidal barrier* -2 -9 -28 -25 

13. 	Cutoff no.3* -2 -24 +8 -10 

14. 	Bicol-Ragay diversion* -2 -59 -39- +22-1 

15. 	Channel deepening* -49 ~+2 +8 +1
 

16. Tidal barrier + Pulantuna -2 -9 -28 -48 
reservoir* 

17. 	Bic-ol-Ragay diversion + -2 -59 -39 -4 
Pulantuna reservoir*
 

18. 	Tidal barrier + Bicol-Ragay . - 64 
diversion + Pulantuna reservoir* - -64 -41 -5 

19. 	 Tidal barrier + Bicol-Ragay
diversion + Sipocot-San Miguel -3 44, -41 -66 
diversion + Pulantuna reservoir* 

* Data from AIT Research Report No.48. 
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SUMMARY TABLE II
 

Effectiveness of the Various Flood Control Measures in Changing the Ul-day
 
Average River Stage Following the Flood Peak (13-year Flood)
 

Reduction or Increase inthe Ul-day
 
Average River Stage Following the
Combination of Flood Control Flood Peak (cm) ________ 

Measures F 
_ 

Lake Bato Ombao Naga City Libmanan 

1. Sipocot diversion + Cutoff no.3 -2 -18 -72 -15
 

2. Sipocot diversion + Bicol
 
diversion -i -'9 -73 -23
 

3. Sipocot diversion + Cutoff no.3 0 -61 -109 -17 
..
0 ,1...61 109+ Bicol diversion 


4. Cutoff no.3 + Bicol diversion 0 -61 -109 ,

5. Cutoff no.3 + Channel deepening -5-, 	 -62 0
(2n) 	 -58___ +7 -62 00
 

6. Cutoff no.3 + Bicol diversion -51 -37 -106 -i
 
+ Channel deepening (2 m) 	 .... - -_...._.
__.''_ 


7. Bicol diversion + Channel 	 - -31 
_ _3.1 	 -6:__.6 .,deepening (2 m) 


8. 32 CMS at Sipocot diversion 	 0 0 2 -11
 

9. 32 CMS at Sipocot diversion " 0 -4 -77 -13
 
+ Bicol diversion 	 0-9 .- 7-. 

10. 	Pulantuna reservoir* 0 0. 0 +2
 

11. 	Sipocot-San Miguel diversion* -1 -1 +2 -16
 

12. 	Tidal barrier* -1 0 -1 -9
 

13. 	Cutoff no.3*' -2 -16 -70- 0
 

14. 	Bicol-Ragay diversion* 0 -50 -74 +1
 

15. 	Channel deepening* -60 +17 +10
 

16. Tidal barrier + Pulantuna -1 -6
 
reservoir*
 

17. 	Bicol-Ragay diversion + Pulantuna 0 -50 -74 01
 
reservoir* 

18. Tidal barrier + Bicol-Ragay -i -0 - 5' 
diversion + Pulantuna reservoir* -5-1 

19. 	Tidal barrier + Bicol-Ragay 
diversion + Sipocot-San Miguel -1 -50 -89 -39 
diversion + Fulantuna reservoir* ._. __",____., _______,_ 

* Data from AIT Research Report No.48.
 



-63 

river should promote lad drainage in that portion of the basin. lin 

order to prevent an excessive dropping of the low water level in Lake 

Bato.during low flow period, a control structure is, required, to regulate 

the Lake's discharge.
 

Salinity Intrusion 

From :the results of the study, it was ,found that the proposed, flood', 

control measures do not significantly alter the pattern of salinity 

distribution and its length of intrusion along the Sipocot River. 

However, the construction of Cutoff no.3 and fresh water withdrawal from 

the river both increase the local salinities and the lengths of intrusion 

along the Bicol River. The lengths of intrusion along the Bicol and
 

Sipucot Rivers and the maximum salinities at Libmanan and Naga City 

under various conditions of flood control measures are presented in 

Summary Table III.
 

From the summary of the results, it was discovered that'Cutoff no.3.
 

produced less increase in the local salinities and length of intrusion 

along the Bicol River than that produced by fresh water removai -of 

30 CMS at the location of the Bicoi-Ragay Diversion. The salinity is 

found to extend along the Bicol River' as far as the town,of Ombao. Te 

extremity of the salinitv intrusion alon the Siaocot Riveiis found 

to be'within the vicinity of abang City. 
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,SUMMARY TABLE III 

Length of Intrusion Maximum Salinity 

Flod Control Schemes km _________ 

Bicol River SipocotLRiver Naga City Libmanan 

,No Basin Modification' 45 43 0.8 9
 

Cutoff no.3 50 " 43 2.6 9.4
 

Bicol-Ragay diversion of
 
30 CMS (50% of river, 5043 .4,2 10.7
 
diversion)
 

Cutoff no.3 and Bicol .
 
diversion of 30 CMS 55 43 7.0 10.9
 
(50% of river diversion)
 



-65 

.REFERENCES
 

(1)ACKERMANN, N.L., PINKAYAN,.S., SHI-IGAI, H., TINGSANCHALI, T. and
 

SAHAGUN, V.A. (1975), Biool River Basin Flood Control Investigation,
 

Volume I, Research Report Summary, Research Report No.48, Asian 

Institute of Technology, January.
 

(2)AUmxmNN. N.L., PINKAYAN. S., SHI-IGAI, H., TINGSANCHALI, T. and
 

SAHAGUN, V.A. (1975), Bicol River Basin rlood Control Investigation,
 

Volume II,Research Report No.48, Asian Institute of Technoloiy.
 

January.
 

(3)BERKHOFF, J.C.W. (1973), Transport of Pollutants or Heat in A System
 

of Channels, Hydraulic Research for Water Management, Proceedings
 

of Technical Meeting 26, Committee for Hydrological Research TNO,
 

Proceedingsand Informations No.18, Delft Hydraulics Laboratory. 
(4) DE VRIES, M. (1971), Solving River Problems by Hydraulic and Mathematical 

Models, Publication No.76 II, Delft Hydraulics Laboratory, Netherlands.
 

(5)DELFT HYDRAULICS LABORATORY (1974), Flood Protection Rharb Plain,
 

Morocco, Hydro Delft, Contents No.36, September.
 

(6)FISCHER,.H.B. (1966), Longitudinal Dispersion in Laboratory and
 

Natural Streams, Ph.D. Dissertation, California Institute of 

Technology, California. 

(7)FISCHER. H.B. (1967), Analytic Prediction of Longitudinal Dispersion 

Coefficients in Natural Streams, Proceedings of the Twelfth Congress 

of IAHR, Fort Collins, Colorado. 



(R) HARIEMANN, DR.F.,.QUINLAN, A.V4, DITMARS, J.D. and THATCHER, ML.
 

(1972). ApDlication of the MIT Transient Salinity Intrusion Model
 

to the Hudson River Estuary, Massachusetts Institute of Technology,
 

Department of Civil Engineering, Report No.153, Cambridge, Massachu

setts, September.
 

(9)MEIJER, TH.J.G.P., VREUGDENHIL, C.B. andDE VRIES, M. (1965), A
 

Method of Computation for Non Stationary Flow in Open Channel
 

Networks, Publication No.34, Delft Hydraulics Laboratory, Netherlands.
 

(10) 	 ORLOB, G.T., SHUBINSKI, R.P. and FEIGNER, K.O. (1967), Mathematical 

Modelling of Water Quality in Estuarial Systems, National Symposium 

on Estuarine Pollution, Stanford University. 

(11) ORLOB, G.T. (1972), Mathematical Modelling of Estuarial System, 

International Symposium on Modelling Techniques in I-ater Resources 

Systems, Ottawa, Canada. 

(12) SHUBINSKI, R.P., McCARTY, J.C. and LONDORF, M.R. (1965), Computer
 

Simulation of ERtuary Network, Proceedings of ASCE, Journal of
 

Hydraulius Division, September.
 

Model of the Hydraulic Network of Rilnland Water B6ard. Publication 

No.74, Delft Hydraulics Laboratory, Netherlands. 

(14) THATCHER, M.L. and HARLEMANN, DR.F. (1972), A Mathematical Model of 

the Prediction of Unsteady Salinitv Intrusion in Estuaries. 

Massachusetts Institute, of Technology, Department of Civil Engineer

ing,, Report No144l, Cambridge, Massachusettsq February. 



---.67 


(15) THATCHER, M.L. and HARLEMANN. D.R.F. (1972),;Prediction or Unsteadv
 

Salinity Intrusion in Estuaries: Mathematical Model and User's
 

Manual, Massachusetts Institute of TechnologY, Department of Civil
 

Engineering, Report No.159, November.
 

(16) VREUGDENHIL, C.B. (1968), The Accuracy of the Method of ComDutation
 

of Unsteady Flow in Open Channel Networks, Research R.?ort.No.S89-I. 

Delft Hydraulics Laboratory, Netherlands, Janutary. 


