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This paper presents the results of the experimental studies on the flow through the gabion stepped

spillways. The width of the gabion stepped spillways is 0.40 m and the slopes of the gabion stepped spillways are

30 Ì, 45 Ì, and 60 Ì with total spillway drop height 1.50, 2.12, and 2.60 m, respectively. The step height is 5 percent

of the total spillway drop height. The discharge through the gabion stepped spillways was varied from 4 to 68 l/s. It

was found that nappe flow occurred at low flow rates, transition flow at intermediate discharges and skimming

flow at larger flow rates. The regimes of flow could be identified by the ratio of critical flow depth and step

height. The energy loss varied inversely with the modified drop number, i.e. energy loss increased when modified

drop number decreased. As the energy loss of flow increased, the velocity of flow at the spillway outlet decreased.

The energy of flow was dissipated more in the gabion stepped spillways than in the horizontal stepped spillways

about 10 percent. The velocity of flow at the outlet of the gabion stepped spillways was less than that of the

horizontal stepped spillways by about 14 percent.

Keywords : Stepped spillways / Gabions / Energy loss / Outlet velocity
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1. ∫∑π”

∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥ (stepped spillway) ‡ªìπ‚§√ß √â“ß∑“ß™≈»“ µ√å∑’Ë ”§—≠ ”À√—∫°“√√–∫“¬πÈ”

ÕÕ°®“°Õà“ß‡°Á∫πÈ” ‚¥¬ “¡“√∂™à«¬‡æ‘Ë¡ª√– ‘∑∏‘¿“æ°“√ ≈“¬æ≈—ßß“π ·≈–≈¥§«“¡‡√Á«∑“ß¥â“π∑â“¬πÈ” ∑”„Àâ

§«“¡¬“«¢Õß°“√‡°‘¥πÈ”°√–‚¥¥∫√‘‡«≥∑â“¬πÈ” —Èπ≈ß   àßº≈„Àâ “¡“√∂≈¥¢π“¥°“√°àÕ √â“ß¢ÕßÕà“ß ≈“¬æ≈—ßß“π≈ß‰¥â

πÕ°®“°π’È∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥¬—ß°àÕ„Àâ‡°‘¥°“√º ¡°—π¢ÕßøÕßÕ“°“»‰¥â¥’ [1] ·≈–¡’ª√– ‘∑∏‘¿“æ„π°“√ ≈“¬

æ≈—ßß“π¢Õß°“√‰À≈ºà“π∑“ß√–∫“¬πÈ”≈âπ¥’°«à“∑“ß√–∫“¬πÈ”≈âπ·∫∫æ◊Èπ‡√’¬∫ (plained-bed spillway) [2]-[6] ∑’Ë

ºà“π¡“ ‰¥â¡’°“√æ—≤π“∑“ß√–∫“¬πÈ”≈âπ·∫∫¢—Èπ∫—π‰¥‡æ◊ËÕ‡æ‘Ë¡ª√– ‘∑∏‘¿“æ„π°“√ ≈“¬æ≈—ßß“π„Àâ¡“°¬‘Ëß¢÷Èπ ¥â«¬

°“√π”«— ¥ÿ∑’ËÀ“‰¥âßà“¬·≈–√“§“∂Ÿ°Õ¬à“ß‡™àπ  À‘π ¡“„ à„π°≈àÕßµ“¢à“¬·≈â«π”¡“«“ß‡ªìπ¢—Èπ∫—π‰¥ (Gabion steps)

[7]-[8] ·π«§‘¥π’È‡ªìπ∑’Ëπà“ π„®·≈–§«√¡’°“√»÷°…“∑¥≈Õß‡æ◊ËÕ„Àâ‡¢â“„®∂÷ßæƒµ‘°√√¡°“√‰À≈ºà“π∑“ß√–∫“¬πÈ”≈âπ

¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬‡æ‘Ë¡¡“°¢÷Èπ ß“π«‘®—¬§√—Èßπ’È®÷ß¡’«—µ∂ÿª√– ß§å‡æ◊ËÕ»÷°…“æƒµ‘°√√¡°“√‰À≈ºà“π∑“ß√–∫“¬

πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬ ´÷Ëß√«¡∂÷ß°“√ ≈“¬æ≈—ßß“π·≈–§«“¡‡√Á«∑“ß¥â“π∑â“¬πÈ” æ√âÕ¡∑—Èß‡ª√’¬∫‡∑’¬∫

°—∫∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫ (horizontal stepped spillway) ‡æ◊ËÕ‡ªìπæ◊Èπ∞“π„π°“√ÕÕ°·∫∫‡∫◊ÈÕßµâπ

„π°“√°àÕ √â“ß∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬·≈–·∫∫æ◊Èπ√“∫µàÕ‰ª

2. Õÿª°√≥å·≈–«‘∏’°“√∑¥≈Õß

„π°“√»÷°…“§√—Èßπ’È„™âæ◊Èπ∑’Ë¢ÕßÕ“§“√™≈»“ µ√å ¿“§«‘™“«‘»«°√√¡‚¬∏“ ¡À“«‘∑¬“≈—¬‡∑§‚π‚≈¬’

æ√–®Õ¡‡°≈â“∏π∫ÿ√’ Õÿª°√≥å∑’Ë„™â„π°“√»÷°…“·≈–∑¥≈Õß· ¥ß¥—ß√Ÿª∑’Ë 1 ‚¥¬ªíö¡®– Ÿ∫πÈ”®“°∫àÕæ—°πÈ”‡¢â“ Ÿà∂—ß«—¥

Õ—µ√“‰À≈ ·≈–‰À≈‡¢â“∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥‚¥¬ºà“πª“°∑“ß‡¢â“√“ß´÷Ëß∑”Àπâ“∑’Ëª√—∫ ¿“æ°“√‰À≈„Àâ¡’√–¥—∫

º‘«πÈ”§àÕπ¢â“ß√“∫‡√’¬∫ ∂—ß«—¥Õ—µ√“‰À≈¡’Ω“¬√Ÿªµ—««’ (V-notched weir) µ‘¥µ—ÈßÕ¬Ÿà∫√‘‡«≥¥â“πÀπâ“‡æ◊ËÕ∑”Àπâ“∑’Ë«—¥

Õ—µ√“‰À≈ ‚¥¬ÕÕ°·∫∫µ“¡‡°≥±å∑’Ë‡ πÕ‚¥¬ Bos [9] ®“°°“√ Õ∫‡∑’¬∫Ω“¬«—¥πÈ” “¡“√∂‡ πÕ ¡°“√ ”À√—∫§”π«≥

Õ—µ√“‰À≈‰¥â¥—ßπ’È§◊Õ Q = 0.02 hw
2.42 ‡¡◊ËÕ Q §◊Õ Õ—µ√“‰À≈ (≈‘µ√/«‘π“∑’) ·≈– hw §◊Õ §«“¡ Ÿß¢Õß√–¥—∫πÈ”‡Àπ◊Õ

 —πΩ“¬ ‚¥¬«—¥®“°√–¥—∫µË” ÿ¥¢Õßª“°Ω“¬√Ÿªµ—««’ (‡´πµ‘‡¡µ√) ´÷ËßÕ—µ√“‰À≈∑’Ë„™â„π°“√∑¥≈Õß¡’§à“√–À«à“ß 4 ∂÷ß

68 ≈‘µ√µàÕ«‘π“∑’

∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫∑’Ë„™â ”À√—∫ —ß‡°µæƒµ‘°√√¡°“√‰À≈¡’ 3 √“ß´÷Ëß¡’§«“¡≈“¥™—π 30 Ì 45 Ì

·≈– 60 Ì ·≈–¡’§«“¡ Ÿß 1.50, 2.12 ·≈– 2.60 ‡¡µ√ µ“¡≈”¥—∫ ·µà≈–√“ß¡’§«“¡°«â“ß 0.40 ‡¡µ√ ¢—Èπ∫—π‰¥¡’

§«“¡ Ÿß‡ªìπ√âÕ¬≈– 5 ¢Õß§«“¡ Ÿß√“ß ·≈–π”¡“ª√–¬ÿ°µå„™â∑”‡ªìπ∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬ ‚¥¬

°“√π”°≈àÕßµ“¢à“¬ ÷́Ëß∫√√®ÿÀ‘π‰«â‡µÁ¡°≈àÕß (Gabions) ¡“«“ß∫π¢—Èπ∫—π‰¥ „π°“√∑¥≈Õß§√—Èßπ’È„™âÀ‘π 3 ™π‘¥§◊Õ 1)

À‘π∑’Ë¡’º‘«¢√ÿ¢√–¡’¢π“¥ 25-35 ¡‘≈≈‘‡¡µ√ (Gabion I) 2) À‘π∑’Ë¡’º‘«°≈¡¡π¢π“¥ 25-35 ¡‘≈≈‘‡¡µ√ (Gabion II)

·≈– 3) À‘π∑’Ë¡’º‘«¢√ÿ¢√–¡’¢π“¥ 50-70 ¡‘≈≈‘‡¡µ√ (Gabion III) ´÷Ëß¡’Õ—µ√“ à«π§«“¡æ√ÿπ‡∑à“°—∫ 0.27, 0.30 ·≈–

0.39 µ“¡≈”¥—∫
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°“√«—¥§«“¡‡√Á«‰¥â∑”°“√«—¥∑’Ë∫√‘‡«≥¥â“π‡Àπ◊ÕπÈ” ≥ µ”·Àπàß°àÕπ∑’ËπÈ”‰À≈‡¢â“∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥

·≈–∑’Ë∫√‘‡«≥∑â“¬πÈ” ≥ µ”·Àπàß∑’ËπÈ”ÕÕ°®“°∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥ ‚¥¬∑”°“√«—¥ 2 «‘∏’ §◊Õ 1) «—¥§«“¡≈÷°

¢ÕßπÈ”∑’ËÀπâ“µ—¥°“√‰À≈ ·≈–§”π«≥§«“¡‡√Á«®“° ¡°“√ v=
Q

Bd
 ·≈– 2) ‚¥¬„™âÀ≈Õ¥ªîµÕµ ·≈–§”π«≥§«“¡

‡√Á«®“° ¡°“√  2ghpv= cv  ‡¡◊ËÕ v §◊Õ §«“¡‡√Á« (¡./«‘π“∑’) Q §◊Õ Õ—µ√“‰À≈ (¡.3/«‘π“∑’) B §◊Õ §«“¡°«â“ß

¢ÕßÀπâ“µ—¥°“√‰À≈ (¡.)  d §◊Õ §«“¡≈÷°°“√‰À≈ (¡.) cv §◊Õ  —¡ª√– ‘∑∏‘Ïª√—∫·°â¢Õß‡§√◊ËÕß¡◊Õ«—¥ (cv ‡∑à“°—∫ 0.98,

[10]) g §◊Õ §«“¡‡√àß‡π◊ËÕß®“°·√ß‚πâ¡∂à«ß¢Õß‚≈° (¡./«‘π“∑’2) ·≈– hp §◊Õ §«“¡ Ÿß¢ÕßπÈ”„πÀ≈Õ¥ªîµÕµ‡Àπ◊Õ

√–¥—∫º‘«πÈ” (¡.)

3. ≈—°…≥–∑“ß°“¬¿“æ¢Õß°“√‰À≈„π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥

°“√‰À≈„π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬ “¡“√∂·∫àß™à«ß°“√‰À≈‰¥â 3 ·∫∫ ‡√’¬ßµ“¡≈”¥—∫

§à“Õ—µ√“‰À≈®“°πâÕ¬‰ªÀ“¡“° ‡™àπ‡¥’¬«°—∫°“√‰À≈„π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫ §◊Õ °“√‰À≈·∫∫ Nappe,

Transition ·≈– Skimming flow µ“¡≈”¥—∫ Õ¬à“ß‰√°Áµ“¡ „π°√≥’¢Õß∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬

°“√‰À≈·¬°ÕÕ°‡ªìπ 2  à«π §◊Õ à«π∑’Ë‰À≈ºà“π™—ÈπÀ‘π∑’Ë∫√√®ÿÕ¬Ÿà„π°≈àÕßµ“¢à“¬ (base flow) ·≈– à«π∑’Ë‰À≈∫πº‘«

¢Õß°≈àÕßµ“¢à“¬ (upper flow) ¥—ß· ¥ß„π√Ÿª∑’Ë 2

√Ÿª∑’Ë 1 º—ß°“√®—¥«“ßÕÿª°√≥å°“√∑¥≈Õß (´¡.)
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 ”À√—∫°“√‰À≈·∫∫ Nappe flow ∫π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬ πÈ”®–‡√‘Ë¡‰À≈ºà“π°≈àÕß

µ“¢à“¬ ®π∂÷ßÕ—µ√“‰À≈§à“Àπ÷Ëß·≈â«®÷ß‡ª≈’Ë¬π‰ª‡ªìπ°“√‰À≈·∫∫ Transition flow „π°“√‰À≈·∫∫ Nappe flow π’È

ª√‘¡“≥πÈ”®–·∫àß‡ªìπ 2  à«π§◊Õ à«π∑’Ë‰À≈ºà“π°≈àÕßµ“¢à“¬·≈– à«π∑’Ë‰À≈∫π°≈àÕßµ“¢à“¬ ´÷Ëß à«π∑’Ë‰À≈ºà“π°≈àÕß

µ“¢à“¬®–‰À≈„π≈—°…≥–‡≈’¬∫¢—Èπ∫—π‰¥ºà“π™àÕß«à“ß√–À«à“ßÀ‘π∑’Ë∫√√®ÿÕ¬Ÿà„π°≈àÕßµ“¢à“¬  à«π∑’Ë‰À≈∫π°≈àÕßµ“¢à“¬

°√–· πÈ”®–‰À≈·π∫º‘«°≈àÕßµ“¢à“¬·≈–¡’°“√º ¡¢ÕßÕ“°“»∫√‘‡«≥º‘«πÈ” ‡¡◊ËÕÕ—µ√“‰À≈¡“°¢÷Èπ®–‡√‘Ë¡‡°‘¥πÈ”

°√–‚¥¥∫π¢—Èπ∫—π‰¥·≈â«æ—≤π“‡¢â“ Ÿà™à«ß Transition flow ´÷Ëßæ∫«à“°“√‰À≈·∫∫ Transition flow ∫√‘‡«≥º‘«πÈ”

®–¡’°“√º ¡¢ÕßπÈ”·≈–Õ“°“» ‡°‘¥‡ªìπ≈–ÕÕßπÈ”„πª√‘¡“≥∑’Ë Ÿß¡“° ·≈–‰¡à “¡“√∂°”Àπ¥√Ÿª·∫∫°“√‰À≈‰¥â

·πàπÕπ‡æ√“–‡ªìπ™à«ß∑’Ë°“√‰À≈·∫∫ Nappe flow ‡ª≈’Ë¬π·ª≈ß√Ÿª·∫∫°“√‰À≈‡¢â“ Ÿà°“√‰À≈·∫∫ Skimming flow

°“√‰À≈·∫∫ Skimming flow  “¡“√∂·∫àß°“√‰À≈‰¥â 3 ™à«ß§◊Õ 1) ™à«ßπÈ”‰À≈‡¢â“ Ÿà∑“ß√–∫“¬πÈ”≈âπ ´÷Ëß

πÈ”„π™à«ßπ’È®–¡’≈—°…≥–‡ªìππÈ”„  (clear water) 2) ™à«ß∑’Ë‡ªìπ°“√‰À≈·∫∫‡ª≈’Ë¬π·ª√∑’≈–πâÕ¬ (gradually varied flow)

·≈– 3) ™à«ß∑’Ë‡ªìπ°“√‰À≈·∫∫ ¡Ë”‡ ¡Õ (uniform flow) °“√º ¡¢ÕßøÕßÕ“°“»®–‡√‘Ë¡®“°®ÿ¥∑’Ë‡ª≈’Ë¬π®“°™à«ß

πÈ”„ ∑’Ë¡’ª√‘¡“≥πÈ”‰À≈‡µÁ¡æ◊Èπ∑’Ë¿“§µ—¥¢«“ß¢Õß°“√‰À≈¡“‡ªìπ™à«ß∑’Ë°“√‰À≈‡ª≈’Ë¬π·ª≈ßÕ¬à“ß§àÕ¬‡ªìπ§àÕ¬‰ª ®ÿ¥

(§) Skimming flow

(°) Nappe flow (¢) Transition flow

√Ÿª∑’Ë 2 ≈—°…≥–°“√‰À≈ºà“π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬
(°) Nappe flow   (¢) Transition flow  ·≈– (§) Skimming flow
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∑’Ë‡√‘Ë¡‡°‘¥°“√º ¡¢ÕßøÕßÕ“°“»π’È ‡√’¬°«à“ çInception pointé ®“°°“√∑’Ë°“√‰À≈·∫∫ Skimming flow ®–‡°‘¥

¢÷Èπ‡¡◊ËÕÕ—µ√“‰À≈ ŸßÊ  ¥—ßπ—Èπª√‘¡“≥πÈ”∑’Ë‰À≈ºà“π°≈àÕßµ“¢à“¬®÷ß¡’ —¥ à«ππâÕ¬°«à“ª√‘¡“≥πÈ”∑’Ë‰À≈∫π°≈àÕßµ“¢à“¬

 ”À√—∫°“√·∫àß¢Õ∫‡¢µ°“√‰À≈∫π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥ ‰¥â¡’ºŸâ∑”°“√∑¥≈Õß°“√‰À≈∫π∑“ß√–∫“¬πÈ”

≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫ [1], [3]-[4], [11]-[16] ·≈–‰¥â‡ πÕ ¡°“√‰«âÀ≈“¬√Ÿª·∫∫¥—ßµ“√“ß∑’Ë 1 ´÷Ëß à«π„À≠à®–

«‘‡§√“–Àå·≈–π”‡ πÕ§«“¡ —¡æ—π∏å√–À«à“ß dc/h °—∫ h/l ‡¡◊ËÕ dc §◊Õ §«“¡≈÷°«‘°ƒµ‘¢Õß°“√‰À≈ (¡.) h §◊Õ §«“¡ Ÿß

¢Õß¢—Èπ∫—π‰¥ (¡.) ·≈– l §◊Õ §«“¡¬“«¢Õß¢—Èπ∫—π‰¥ (¡.)

„π°“√∑¥≈Õß§√—Èßπ’È‰¥â‡ πÕ°√“ø· ¥ß§«“¡ —¡æ—π∏å√–À«à“ß dc/h °—∫ h/l ®“°º≈°“√∑¥≈Õß„π§√—Èßπ’È√«¡

°—∫º≈°“√»÷°…“¢ÕßºŸâÕ◊Ëπ´÷Ëß‡ªìπ∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫¥—ß√Ÿª∑’Ë 3 ´÷Ëßæ∫«à“°“√·∫àß¢Õ∫‡¢µ°“√‰À≈

¢Õß∑—Èß∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫·≈–∑“ß√–∫“¬πÈ”≈âπ¢—Èπ‰¥·∫∫°≈àÕßµ“¢à“¬   “¡“√∂„™â‡°≥±å‡¥’¬«°—π‰¥â

‚¥¬¢’¥®”°—¥∫π¢Õß°“√‰À≈·∫∫ Nappe flow ·≈–¢’¥®”°—¥≈à“ß¢Õß°“√‰À≈·∫∫ Skimming flow ‡ªìπ‰ªµ“¡ ¡°“√∑’Ë

(1) ·≈– (2) µ“¡≈”¥—∫

‡¡◊ËÕ dc §◊Õ §«“¡≈÷°«‘°ƒµ‘¢Õß°“√‰À≈ (¡.)

h §◊Õ §«“¡ Ÿß¢Õß¢—Èπ∫—π‰¥ (¡.)

l §◊Õ §«“¡¬“«¢Õß¢—Èπ∫—π‰¥ (¡.)

(1)0.92 − 0.30 − 0.07
dc

h
h
l

=
h

2

l

0.84
dc

h
=

h
-0.20

l
(2)
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ºŸâ»÷°…“

• ¢’¥®”°—¥∫π¢Õß°“√‰À≈·∫∫ Nappe flow

• ¢’¥®”°—¥≈à“ß¢Õß°“√‰À≈·∫∫ Skimming flow

Chanson (1995) [11] ·∫àß¿“«–°“√‰À≈·∫∫ Nappe flow

∑’Ë¡’°“√°√–‚®π¢ÕßπÈ”

 ”À√—∫¢—Èπ∫—π‰¥∑’Ë°àÕ √â“ß¥â«¬

§Õπ°√’µÀ√◊ÕÀ‘π

 ”À√—∫¢—Èπ∫—π‰¥·∫∫æ◊Èπ‡Õ’¬ß

0.4 < h/l    0.85 ‡¡◊ËÕ θ ‡ªìπ¡ÿ¡‡Õ’¬ß

¢Õßæ◊Èπ√“ß¢—Èπ∫—π‰¥

 ”À√—∫¢—Èπ∫—π‰¥∑’Ë°àÕ √â“ß¥â«¬

°≈àÕßµ“¢à“¬

‰¥â®“°°“√«‘‡§√“–Àå∑“ß∑ƒ…Æ’¢Õß

°“√‰À≈µ°Õ‘ √– ‡¡◊ËÕ

Frb ‡ªìπ Froude number ∑’Ë¡ÿ¡

¢Õß¢—Èπ∫—π‰¥ ·≈– αb ‡ªìπ¡ÿ¡¢Õß

°“√‰À≈ºà“π¡ÿ¡¢—Èπ∫—π‰¥ (Õß»“)

0.5 < h/l    1.7

§«“¡·¡àπ¬” ± 10%

-

-

-

Yasuda ·≈– Ohtsu

(1999) [12]

Mondardo ·≈–

Fabiani (1995) [13]

James et al. (1999)

[15]

Yasuda ·≈– Ohtsu

(1999) [12]

Tatewar ·≈– Ingle

(1996) [16]

Chanson (2001) [3]

Chinnarasri (2002) [4]

Chanson (1996) [14]

Chanson (2001) [3]

Chinnarasri (2002) [4]

Chanson (1994) [1]

 ¡°“√ À¡“¬‡Àµÿ

dc

h
h
1

0.092
-1.276

≥

≥

0.4 < h/l    5.0≥

≥

≥

≥

h/l ≥ 0.3

0.4 < h/l    50

0.5 < h/l   1.7

§«“¡·¡àπ¬” -/+ 10%

dc

h
h
1

0.541
-1.07

=

dc

h
h
1

0.862
-0.165

=

dc

h
h
1

0.80
-0.22

=

dc

h
h
1

-0.120 -0.004 θ + 0.888=

dc

h
h
1

0.26

= 1.4 −

dc

h
h/l

=0.80 (0.55)

dc

h
h
1

=0.89−0.4

dc

h
h
1

=1.057 − 0.465

dc

h
h
1

=1.195 − 0.595

dc

h
h
1

=0.781 − 0.177

dc

h
h
1

=1.20 − 0.325

1+2Frb
2/3

=
(dc)onset

h

Frb
2/3

1+ 1
Frb

2

1+ 1
Frb

2

1+ 1
Frb

2

3/2 cosαb
1−

µ“√“ß∑’Ë 1  ¡°“√‡ß◊ËÕπ‰¢°“√‡ª≈’Ë¬π√Ÿª·∫∫°“√‰À≈¢Õß°“√‰À≈ºà“π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥
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√Ÿª∑’Ë 3 ¢Õ∫‡¢µ°“√®”·π°ª√–‡¿∑¢Õß°“√‰À≈∫π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥

4. °“√ ≈“¬æ≈—ßß“π·≈–§«“¡‡√Á«∑“ß¥â“π∑â“¬πÈ”

„π°“√»÷°…“§√—Èßπ’È ‰¥âÀ“§«“¡ —¡æ—π∏å√–À«à“ß°“√ ≈“¬æ≈—ßß“π·≈–§«“¡‡√Á«¥â“π∑â“¬πÈ”°—∫µ—«·ª√∑’Ë ”§—≠

∑’Ë¡’∫∑∫“∑µàÕ≈—°…≥–°“√‰À≈ºà“π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬ ‚¥¬‰¥â„™â«‘∏’°“√«‘‡§√“–Àå¡‘µ‘¢Õß

Buckingham-π  “¡“√∂ √ÿª§«“¡ —¡æ—π∏å¢Õßµ—«·ª√‰√â¡‘µ‘∑’Ë ”§—≠‰¥â¥—ßπ’È

(3)

(4)

αf1 , ,
EL

HT

D

h
=

q2

qHT
3°“√ ≈“¬æ≈—ßß“π :

VT αf1 , ,
D

h
=

q2

gHT
3

gHT

§«“¡‡√Á«∑“ß¥â“π∑â“¬πÈ” :

‡¡◊ËÕ E
L
 §◊Õ °“√ Ÿ≠‡ ’¬æ≈—ßß“π (¡.) H

T
 §◊Õ §«“¡ Ÿß∑—ÈßÀ¡¥¢Õß∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥ (¡.) q §◊Õ

Õ—µ√“‰À≈µàÕÀπ÷ËßÀπà«¬§«“¡°«â“ß (¡.3/«‘π“∑’/¡.) V
T
 §◊Õ §«“¡‡√Á«∑“ß¥â“π∑â“¬πÈ” (¡./«‘π“∑’) h §◊Õ §«“¡ Ÿß¢Õß

¢—Èπ∫—π‰¥ (¡.) D §◊Õ ¢π“¥¢ÕßÀ‘π (¡.) g §◊Õ §«“¡‡√àß‡π◊ËÕß®“°·√ß‚πâ¡∂à«ß¢Õß‚≈° (¡./«‘π“∑’2) α §◊Õ §«“¡

0.0 0.4 0.8 1.2 1.6 2.0

0.0

0.4

0.8

1.2

1.6

Chamani & Rajaratnam (NA-TRA)

Chinnarasri (NA-TRA)

Haddad (NA-TRA)

Yasuda & Ohtsu (NA-TRA)
Present study (Horizontal, NA-TRA)

Present study (Gabions, NA-TRA)
Chinnarasri (TRA-SK)
Elvira & Mateos (TRA-SK)

Haddad (TRA-SK)
Yasuda & Othsu (TRA-SK)

Present study (Horizontal, TRA-SK)

Present study (Gabions, TRA-SK)
Upper limit of nappe flow

Lower limit of skimming flow

Skimming flow

Transition flow

Nappe flow

NA-TRA Nappe flow to Transition flow

TRA-SK Transition flow to Skimming flow

h
l

dc

h
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≈“¥™—π¢Õß∑“ß√–∫“¬πÈ”≈âπ 
EL

HT
  §◊ÕÕ—µ√“ à«π°“√ ≈“¬æ≈—ßß“πµàÕ§«“¡ Ÿß√«¡¢Õß∑“ß√–∫“¬πÈ”≈âπ

q2

gH
3

T

  ‡√’¬°

«à“ Spillway drop number ·≈–  
D
h

  À¡“¬∂÷ßÕ—µ√“ à«π¢Õß¢π“¥À‘πµàÕ§«“¡ Ÿß¢—Èπ∫—π‰¥

®“°º≈°“√»÷°…“æ∫«à“ Õ‘∑∏‘æ≈¢Õß§«“¡≈“¥‡Õ’¬ß¢Õß√“ß¡’º≈Õ¬à“ß¡“°µàÕ°“√ ≈“¬æ≈—ßß“π¢Õß°“√‰À≈

∫π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥∑—Èß·∫∫æ◊Èπ√“∫·≈–·∫∫°≈àÕßµ“¢à“¬ ‚¥¬∑’Ë§à“ Spillway drop number ‡∑à“°—π √“ß

∑’Ë¡’§«“¡≈“¥™—ππâÕ¬°«à“ “¡“√∂ ≈“¬æ≈—ßß“π‰¥â„πÕ—µ√“∑’Ë Ÿß°«à“√“ß∑’Ë¡’§«“¡≈“¥™—π¡“°°«à“ ·≈–∑’Ë√“ß‡¥’¬«°—π

°“√ Ÿ≠‡ ’¬æ≈—ßß“π®–‡æ‘Ë¡¡“°¢÷Èπ‡¡◊ËÕ Spillway drop number ≈¥≈ß ®“°°“√∑’Ë§«“¡≈“¥‡Õ’¬ß¢Õß√“ß¡’Õ‘∑∏‘æ≈

Õ¬à“ß¡“°°—∫°“√ ≈“¬æ≈—ßß“π ¥—ßπ—Èπ„π°“√»÷°…“§√—Èßπ’È®÷ß‰¥âπ”§à“ (h/l)2 ¡“§Ÿ≥‡¢â“°—∫ Spillway drop number

·≈â«‡√’¬°„À¡à«à“‡ªìπ Modified drop number (D
M

 = [(h/l)2(q2/gH
T

3)]) ´÷Ëß∑”„Àâ§«“¡ —¡æ—π∏å√–À«à“ß —¥ à«π

 à«π°“√ Ÿ≠‡ ’¬‡ ’¬æ≈—ßß“π°—∫ Modified drop number ¢Õß∑ÿ°§«“¡™—π¢Õß√“ß‡ªìπ‡ âπ‚§âßµàÕ‡π◊ËÕß°—π

°“√‡ª√’¬∫‡∑’¬∫ °“√ Ÿ≠‡ ’¬æ≈—ßß“π„π°“√‰À≈ºà“π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫°—∫∑“ß√–∫“¬

πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬ · ¥ß„π√Ÿª∑’Ë 4

√Ÿª∑’Ë 4  §«“¡ —¡æ—π∏å√–À«à“ßª√‘¡“≥°“√ Ÿ≠‡ ’¬æ≈—ßß“π·≈– Modified drop number

0 100 200 300 400 500 600

0.6

0.7

0.8

0.9

1.0

Horizontal 30'

Horizontal 45'

Horizontal 60'

Gabion I 30'

Gabion I 45'

Gabion I 60'

Gabion II 30'

Gabion II 45'

Gabion II 60'

Gabion III 30'

Gabion III 45'

Gabion III 60'

Horizontals

Gabions

Dm x106

EL

HT
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` ®“°º≈°“√»÷°…“æ∫«à“ „π™à«ß∑’Ë‡ªìπ°“√‰À≈·∫∫ Nappe flow °“√ ≈“¬æ≈—ßß“π®–‡°‘¥¢÷Èπ¡“°‡π◊ËÕß®“°

¡«≈πÈ”‰À≈≈ß¡“°√–·∑°°—∫¢—Èπ∫—π‰¥ ·≈–°“√‡°‘¥°√–‚¥¥¢ÕßπÈ”„π∫“ß à«π¢Õß¢—Èπ∫—π‰¥  ”À√—∫°“√‰À≈·∫∫ Skimming

flow ́ ÷Ëß°√–· πÈ”®–·µ– —¡º— °—∫ª≈“¬¢—Èπ∫—π‰¥„π™à«ß‡«≈“ —ÈπÊ  º‘« —¡º— √–À«à“ß¢Õß‰À≈°—∫ª≈“¬¢—Èπ∫—π‰¥¡’πâÕ¬

°“√ ≈“¬æ≈—ßß“π∑’Ë‡æ‘Ë¡¢÷Èπ¡“‡°‘¥®“°·√ß‡ ’¬¥∑“π¢Õß°“√‰À≈ ·≈–°“√‰À≈«π¢Õß°√–· πÈ”„π™àÕß«à“ß√–À«à“ß

¢—Èπ∫—π‰¥

®–‡ÀÁπ‰¥â«à“°“√ ≈“¬æ≈—ßß“π¢Õß∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬ ®– ≈“¬æ≈—ßß“π‰¥â¡“°°«à“

∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫∑ÿ°§à“¢Õß Modified drop number (D
M

 = [(h/l)
2
(q

2
/gH

T

3
)]) ‚¥¬¡’

ª√– ‘∑∏‘¿“æ„π°“√ ≈“¬æ≈—ßß“π¡“°°«à“∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫ª√–¡“≥√âÕ¬≈– 10 ®“°°“√

∑¥≈Õß “¡“√∂ √ÿª§«“¡ —¡æ—π∏å¢Õß°“√ ≈“¬æ≈—ßß“π °—∫§à“ Modified drop number  ¥—ß ¡°“√∑’Ë (5) ·≈– (6)

‡π◊ËÕß®“°°“√‰À≈„π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬°“√‰À≈®–·∫àß‡ªìπ 2  à«π §◊Õ  à«π∑’Ë‰À≈

ºà“π°≈àÕßµ“¢à“¬·≈– à«π∑’Ë‰À≈∫π°≈àÕßµ“¢à“¬ ‡¡◊ËÕÕ—µ√“‰À≈πâÕ¬®–‡ªìπ°“√‰À≈ºà“π°≈àÕßµ“¢à“¬‡°◊Õ∫∑—ÈßÀ¡¥  ®–

‡ÀÁπ‰¥â«à“æ≈—ßß“π°“√‰À≈®–∂Ÿ° ≈“¬‰ª‰¥â‡°◊Õ∫∑—ÈßÀ¡¥  ‚¥¬¥Ÿ‰¥â®“° —¥ à«π  E
L /HT  ∑’Ë‡¢â“„°≈â»Ÿπ¬å ‡¡◊ËÕÕ—µ√“‰À≈¡“°

¢÷Èπ®–æ∫°“√‰À≈ à«π∑’Ë‰À≈∫π°≈àÕßµ“¢à“¬ ‚¥¬ª√‘¡“≥πÈ”∑’Ë‰À≈µ°°√–·∑°°—∫º‘«∫π°≈àÕßµ“¢à“¬®–∂Ÿ°°≈àÕßµ“¢à“¬

∑’Ë¡’§«“¡æ√ÿπ (porosity) ™à«¬„π°“√¥Ÿ¥´—∫æ≈—ßß“πÕ’° à«πÀπ÷Ëß¥â«¬

‡¡◊ËÕæ‘®“√≥“∂÷ßÕ‘∑∏‘æ≈¢Õß¢π“¥À‘π∑’Ë∫√√®ÿ„π°≈àÕßµ“¢à“¬ æ∫«à“∑’Ë∑ÿ°§«“¡≈“¥™—π¢Õß√“ß À‘πº‘«¢√ÿ¢√–

¢π“¥„À≠à®–™à«¬ ≈“¬æ≈—ßß“π¢Õß°“√‰À≈‰¥â¥’°«à“À‘πº‘«¢√ÿ¢√–¢π“¥‡≈Á°·≈–À‘πº‘«°≈¡¡πµ“¡≈”¥—∫ ‡¡◊ËÕ‡ª√’¬∫

‡∑’¬∫®“°¢π“¥¢ÕßÀ‘π æ∫«à“À‘π∑’Ë¡’¢π“¥„À≠à°«à“ “¡“√∂ ≈“¬æ≈—ßß“π‰¥â¡“°°«à“À‘π∑’Ë¡’¢π“¥‡≈Á°°«à“ª√–¡“≥

√âÕ¬≈– 2 ∂÷ß 3 ∑—Èßπ’ÈÕ“®‡ªìπ‡æ√“–À‘π¢π“¥„À≠à¡’ª√‘¡“≥™àÕß«à“ß√–À«à“ß°âÕπÀ‘π∑’Ë¡“°°«à“ °“√‰À≈ºà“π°≈àÕßµ“¢à“¬

®÷ß¡’ª√‘¡“≥¡“°°«à“ ·≈–®“°‡Àµÿº≈∑’Ë«à“ °“√ ≈“¬æ≈—ßß“π„π à«π¢Õß°“√‰À≈ºà“π°≈àÕßµ“¢à“¬ “¡“√∂ ≈“¬

æ≈—ßß“π‰¥â‡°◊Õ∫∑—ÈßÀ¡¥  ”À√—∫À‘π™π‘¥‡¥’¬«°—πÀ‘π∑’Ë¡’¢π“¥„À≠à°«à“®÷ß “¡“√∂ ≈“¬æ≈—ßß“π‰¥â¡“°°«à“ ·≈–‡¡◊ËÕ

‡ª√’¬∫‡∑’¬∫√–À«à“ßÀ‘πµà“ß™π‘¥°—π æ∫«à“À‘π∑’Ë¡’º‘«¢√ÿ¢√– (crushed)  “¡“√∂ ≈“¬æ≈—ßß“π‰¥â¡“°°«à“ À‘π∑’Ë¡’º‘«

°≈¡¡π (rounded) ª√–¡“≥√âÕ¬≈– 1 ∂÷ß 2

§«“¡ —¡æ—π∏å√–À«à“ß§«“¡‡√Á«∑’Ëª≈“¬∑“ßÕÕ°¢Õß∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥°—∫§à“ Modified drop number

(D
M

) ¢Õß∑ÿ°≈—°…≥–°“√‰À≈¡’≈—°…≥–‡ªìπ‡ âπµ√ßµàÕ‡π◊ËÕß ¥—ß√Ÿª∑’Ë 5 ®–‡ÀÁπ‰¥â«à“ §«“¡‡√Á«∑’Ëª≈“¬∑“ßÕÕ°¢Õß

∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬πâÕ¬°«à“¢Õß∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫∑ÿ°§à“¢Õß Modified

(5)

(6)

0.392 DM

EL

HT

= ”À√—∫∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫
−0.072

 ”À√—∫∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬ 0.502 DM

EL

HT

=
−0.054
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drop number ´÷Ëß Õ¥§≈âÕß°—∫°“√∑’Ë°“√ ≈“¬æ≈—ßß“π„π°“√‰À≈ºà“π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬

¡’¡“°°«à“°“√‰À≈ºà“π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫

®“°°“√‡ª√’¬∫‡∑’¬∫√–À«à“ß∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫°—∫∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕß

µ“¢à“¬ æ∫«à“∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬ “¡“√∂≈¥§«“¡‡√Á«∑“ß¥â“π∑â“¬πÈ”≈ß‰¥âª√–¡“≥√âÕ¬≈–

14 ¢Õß∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫ ´÷Ëß “¡“√∂À“ ¡°“√µ—«·∑π‰¥â¥—ß ¡°“√∑’Ë (7) ·≈– (8)

(7)

(8)

VT =
gHT

0.124 InDM + 1.901 ”À√—∫∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫

VT =
gHT

0.121 InDM + 1.777 ”À√—∫∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬

√Ÿª∑’Ë 5 §«“¡ —¡æ—π∏å√–À«à“ß§«“¡‡√Á«∑“ß¥â“π∑â“¬πÈ”·≈– Modified drop number

1E-7 1E-6 1E-5 1E-4 1E-3 1E-2
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Dm

VT
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5.  √ÿªº≈°“√«‘®—¬

®“°°“√∑¥≈Õß “¡“√∂ √ÿªº≈‰¥â«à“ °“√‰À≈∑’Ë‡°‘¥¢÷Èπ∫π∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬·≈–

·∫∫æ◊Èπ√“∫·∫àßÕÕ°‰¥â‡ªìπ 3 ·∫∫§◊Õ Nappe flow, Transition flow ·≈– Skimming flow ´÷Ëß°“√·∫àß¢Õ∫‡¢µ

¢Õß°“√‰À≈· ¥ß‰¥â¥â«¬µ—«‡≈¢Õ—µ√“ à«π¢Õß§«“¡≈÷°«‘°ƒµµàÕ§«“¡ Ÿß¢—Èπ∫—π‰¥ (dc/h)  ‚¥¬∑’Ë ¡°“√· ¥ß¢’¥®”°—¥

∫π¢Õß°“√‰À≈·∫∫ Nappe flow ·≈–¢’¥®”°—¥≈à“ß¢Õß°“√‰À≈·∫∫ Skimming flow  · ¥ß‰«â¥—ß ¡°“√∑’Ë 1 ·≈– 2

°“√ ≈“¬æ≈—ßß“π (E
L
/H

T
) ¢Õß∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬ “¡“√∂ ≈“¬æ≈—ßß“π‰¥â¡“°

°«à“∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ√“∫ª√–¡“≥√âÕ¬≈– 10 ‚¥¬∑’Ë°“√ ≈“¬æ≈—ßß“π®–‡æ‘Ë¡¡“°¢÷Èπ‡¡◊ËÕ Modified

drop  number (D
M

 = [(h/l)2(q2/gH
T

3)]) ≈¥≈ß ·≈–∑’Ë Modified drop number ‡∑à“°—π ∑“ß√–∫“¬πÈ”≈âπ∑’Ë¡’

§«“¡≈“¥™—ππâÕ¬°«à“ “¡“√∂ ≈“¬æ≈—ßß“π‰¥â¡“°°«à“ „π¢≥–∑’Ë§«“¡‡√Á«∑’Ëª≈“¬∑“ßÕÕ°¢Õß∑“ß√–∫“¬πÈ”≈âπ¢—Èπ

∫—π‰¥ ®–‡æ‘Ë¡¡“°¢÷Èπ‡¡◊ËÕ§«“¡≈“¥™—π¢Õß√“ß‡æ‘Ë¡¡“°¢÷Èπ ‚¥¬∑’Ë∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫°≈àÕßµ“¢à“¬

 “¡“√∂≈¥§«“¡‡√Á« (V
T
/(gH

T
)

0.5
) ‰¥âª√–¡“≥√âÕ¬≈– 14 ‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫°—∫∑“ß√–∫“¬πÈ”≈âπ¢—Èπ∫—π‰¥·∫∫æ◊Èπ

√“∫

6. °‘µµ‘°√√¡ª√–°“»

ºŸâ‡¢’¬π¢Õ¢Õ∫§ÿ≥ ¡À“«‘∑¬“≈—¬‡∑§‚π‚≈¬’æ√–®Õ¡‡°≈â“∏π∫ÿ√’ ∑∫«ß¡À“«‘∑¬“≈—¬ ·≈– ”π—°ß“π°Õß∑ÿπ

 π—∫ πÿπ°“√«‘®—¬ ∑’Ë‰¥â π—∫ πÿπ‡ß‘π∑ÿπ∫“ß à«π„π°“√«‘®—¬§√—Èßπ’È
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