


–

–

–











–

–

–

–

–

–

– 𝑓𝑐𝑘
–

–



𝛼
–

–



–



–



–







𝑓𝑐𝑘𝑗 𝑗

–



𝑓𝑐𝑡,𝑓

“Na análise estrutural deve ser 

serviço.”

𝑔

𝑞



𝛥𝜎𝑝 = 70 + 𝑓𝑐𝑘/100𝜌𝑝 420 MPa
𝛥𝜎𝑝 = 70 + 𝑓𝑐𝑘/300𝜌𝑝 210 MPa

𝜌𝑝 = 𝐴𝑝𝑏 ⋅ 𝑑𝑝
𝜌𝑝𝑑𝑝

𝛾𝑓𝛾𝑓 =  𝛾𝑓1 ⋅ 𝛾𝑓2 ⋅ 𝛾𝑓3



𝛾𝑓𝛾𝑓1 𝛾𝑓3 𝛾𝑓 =  𝛾𝑓1 ⋅ 𝛾𝑓3
𝛾𝑓

𝛾𝑓
𝑔𝛾𝑓 =𝛾𝑓 = 𝑞𝛾𝑓 =𝛾𝑓 = 𝑝𝛾𝑓 =𝛾𝑓 =

𝛾𝑓 𝛾𝑓2𝛾𝑓2

𝛾𝑓 =  𝜓1𝛾𝑓 =  𝜓2



𝛾𝑐 =𝛾𝑠 =𝛾𝑝 =𝛾𝑝 =
𝛾𝑐𝛾𝑠𝛾𝑝

𝛾𝑝 = 𝛾𝑓 =
0,7 ⋅ 𝑓𝑐𝑘𝑗  →  𝑓𝑐𝑘 ≤ 50 𝑀𝑃𝑎0,7 ⋅ [1,0 − (𝑓𝑐𝑘𝑗 − 50)/200] ⋅ 𝑓𝑐𝑘𝑗  →  50 < 𝑓𝑐𝑘 < 90 𝑀𝑃𝑎

𝑓𝑐𝑘𝑗 = (𝑓𝑐𝑘 ⋅ 𝑒(0,25⋅(1−√28/𝑡)))
𝑓𝑐𝑡𝑚 𝑓𝑐𝑘𝑗 

1,2 ⋅ 𝑓𝑐𝑡𝑚 = 1,2 ⋅ 0,3 ⋅ 𝑓𝑐𝑘2 3⁄



𝐹𝑑 = 𝛾𝑔 ⋅ 𝐹𝑔,𝑘 + 𝛾ɛ𝑔 ⋅ 𝐹ɛ𝑔,𝑘 + 𝛾𝑞 ⋅ (𝐹𝑞1,𝑘 + ∑𝜓0𝑗 ⋅ 𝐹𝑞𝑗,𝑘) + 𝛾ɛ𝑞 ⋅ 𝜓0ɛ ⋅ 𝐹ɛ𝑞,𝑘
𝐹𝑑𝐹𝑔,𝑘𝐹ɛ,𝑘 𝐹ɛ𝑔𝑘𝐹ɛ𝑞𝑘𝐹𝑞,𝑘 𝐹𝑞1,𝑘

𝜓1 𝜓2
𝐹𝑑,𝑠𝑒𝑟𝑣,𝐶𝑄𝑃 = 𝐹𝑔𝑖,𝑘 + ∑𝜓2𝑗 ⋅ 𝐹𝑞𝑗,𝑘𝐹𝑑,𝑠𝑒𝑟𝑣,𝐶𝐹 = 𝐹𝑔𝑖,𝑘 + 𝜓1 ⋅ 𝐹𝑞1,𝑘 + ∑𝜓2𝑗 ⋅ 𝐹𝑞𝑗,𝑘

𝐹𝑑,𝑠𝑒𝑟𝑣,𝐶𝑄𝑃𝐹𝑑,𝑠𝑒𝑟𝑣,𝐶𝐹𝐹𝑔𝑖,𝑘𝐹𝑞𝑗,𝑘 𝐹𝑞1,𝑘𝜓1



𝜓2





𝑡 =  𝑡0



∆𝜎𝑝,𝑒𝑛𝑐 = 𝛼𝑝 ⋅ (𝜎𝑐𝑝 + 𝜎𝑐𝑔) ⋅ (𝑛 − 1)2 ⋅ 𝑛
(𝜎𝑐𝑝 + 𝜎𝑐𝑔) = − 𝑃0𝐴𝑐 − 𝑃0 ⋅ 𝑒𝑝²𝐼ℎ − 𝑀𝑝𝑝 ⋅ 𝑒𝑝𝐼ℎ

𝛼𝑝 = 𝐸𝑝 𝐸𝑐⁄𝜎𝑐𝑝 𝑛𝜎𝑐𝑔
𝑃0
𝑀𝑝𝑝 = 𝑥 ⋅ 𝑝𝑝 ⋅ (𝐿 2⁄ ) − 𝑝𝑝 ⋅ (𝑥² 2⁄ )𝑥
𝑝𝑝𝐿𝑒𝑝

𝑃𝑖



∆𝑃𝑎𝑡𝑟
∆𝑃𝑎𝑡𝑟 = 𝑃𝑖 ⋅ [1 − 𝑒−(𝜇⋅∑ 𝛼+𝑘⋅𝑥)]

∆𝜎𝑎𝑡𝑟 = ∆𝑃𝑎𝑡𝑟𝐴𝑝
𝑥 ∆𝑃∑ 𝛼 𝑥
𝜇∆𝑃𝑎𝑡𝑟∆𝜎𝑎𝑡𝑟 𝛼
𝛽𝑖 𝑖 𝑖𝛼𝑖



𝛼𝑖𝛼𝑖 = 𝛽𝑖 − 𝛽𝑖−1
𝛽𝑖  = tan−1 (ℎ𝑖 − ℎ𝑖−1𝑥𝑖 )

ℎ𝑖 𝑥𝑖



∆𝜎𝑝,𝑎𝑛𝑐(𝑥) 𝜎𝑝𝑥 𝑎 𝑐

𝛿𝑎𝑛𝑐𝜎𝑝𝑖 𝜎𝑝𝑖,2
𝑋 𝑎’ 𝑏 𝑐

𝑎𝑏 𝑎’𝑏



∆𝜎𝑝𝑖,𝑎𝑛𝑐 = 𝜎𝑝𝑖 − 𝜎𝑝𝑖,2
∆𝜎𝑝𝑖,𝑎𝑛𝑐 𝛿𝑎𝑛𝑐

𝛿𝑎𝑛𝑐 = 1𝐸 ⋅ ∫ ∆𝜎𝑝,𝑎𝑛𝑐(𝑥) ⋅ 𝑑𝑥𝑋
0

𝑡0 𝑡 𝑡 → ∞
d’água no decorrer da vida útil da peça. Com o encurtamento da peça, a 

∆𝜎𝑝,𝑝𝑟𝑜



𝑡0 𝑡∆𝜎𝑝(𝑡, 𝑡0) = 𝘀𝑐𝑠(𝑡, 𝑡0) ⋅ 𝐸𝑝 + 𝛼𝑝 ⋅ 𝜎𝑐,𝑝0𝑔 ⋅ 𝜑(𝑡, 𝑡0) − 𝜎𝑝0 ⋅ 𝜒(𝑡, 𝑡0)𝜒𝑝 + 𝜒𝑐 ⋅ 𝛼𝑝 ⋅ 𝜂 ⋅ 𝜌𝑝
𝜒(𝑡, 𝑡0) = − ln[1 − 𝜓(𝑡, 𝑡0)]𝜒𝑐 = 1 + 0,5 ⋅ 𝜑(𝑡, 𝑡0)𝜒𝑝 = 1 + 𝜒(𝑡, 𝑡0)𝜂 = 1 + 𝑒𝑝2 ⋅ 𝐴𝑐𝐼ℎ𝜌𝑝 = 𝐴𝑝 𝐴𝑐⁄𝛼𝑝 = 𝐸𝑝 𝐸𝑐𝑖28⁄

𝜎𝑐,𝑝0𝑔 𝑡0𝜑(𝑡, 𝑡0) 𝑡𝑡0𝜒(𝑡, 𝑡0) 𝑡0𝘀𝑐𝑠(𝑡, 𝑡0) 𝑡 𝑡0
𝜓(𝑡, 𝑡0) 𝑡𝑡0𝜌𝑝

𝑡 = ∞.∆𝜎𝑝,𝑝𝑟𝑜 = ∆𝜎𝑝(∞, 𝑡0)
𝜓1000 𝑓𝑝𝑡𝑘 𝑓𝑝𝑡𝑘 𝑡 𝜓1000



𝜓(∞) = 2,5 ⋅ ( 𝜓1000)
𝘀𝑐𝑠(∞, 𝑡0) = 𝘀𝑐𝑠∞[1 − 𝛽𝑠(𝑡0)]

𝘀𝑐𝑠∞ = 10−4 ⋅ (−8,09 + ( 𝑈15) − ( 𝑈22284) − ( 𝑈3133765) + ( 𝑈47608150)) ⋅ 33 + 2 ⋅ ℎ𝑓𝑖𝑐20,8 + 3 ⋅ ℎ𝑓𝑖𝑐
𝛽𝑠(𝑡)

𝛽𝑠(𝑡) = ( 𝑡100)3 + 𝐴 ⋅ ( 𝑡100)2 + 𝐵 ⋅ ( 𝑡100)( 𝑡100)3 + 𝐶 ⋅ ( 𝑡100)2 + 𝐷 ⋅ ( 𝑡100) + 𝐸
𝐴 = 40𝐵 = 116ℎ3 − 282ℎ2 + 220ℎ − 4,8𝐶 = 2,5ℎ3 − 8,8ℎ + 40,7𝐷 = −75ℎ3 + 585ℎ2 + 496ℎ − 6,8𝐸 = −169ℎ4 + 88ℎ3 + 584ℎ2 − 39ℎ + 0,8

ℎ𝑓𝑖𝑐 = 𝛾 2𝐴𝑐𝑢𝑎𝑟
𝑢𝑎𝑟𝛾

𝛾 = 1 + 𝑒(−7,8+0,1𝑈) 𝑝𝑎𝑟𝑎 𝑈 ≤ 90%
𝑡 = 𝛼∑ 𝑇𝑖 + 1030 𝛥𝑡𝑒𝑓, 𝑖



𝛼
𝑇𝑖𝛥𝑡𝑒𝑓, 𝑖 𝑇𝑖

𝜶 𝛼

𝑡
𝜑𝑑𝜑 = 𝜑𝑎 + 𝜑𝑓 + 𝜑𝑑

𝜑𝑎 = 0,8 [1 − 𝑓𝑐(𝑡0)𝑓𝑐(𝑡∞)]𝜑𝑓(∞, 𝑡0) = 𝜑𝑓∞[1 − 𝛽𝑓(𝑡0)]
𝜑𝑎𝜑𝑓(∞, 𝑡0)𝜑𝑑∞ = 0,4

𝜑𝑓∞ = (4,45 −  0,035𝑈) 0,42 + ℎ𝑓𝑖𝑐0,20 + ℎ𝑓𝑖𝑐𝛽𝑓(𝑡) = 𝑡2 + 𝐴 ⋅ 𝑡 + 𝐵𝑡2 + 𝐶 ⋅ 𝑡 + 𝐷



𝑡ℎ𝑓𝑖𝑐
𝛽𝑓(𝑡) 𝐴 = 42ℎ3 − 350ℎ2 + 588ℎ + 113𝐵 = 768ℎ3 − 3060ℎ2 + 3234ℎ − 23𝐶 = −200ℎ3 + 13ℎ2 + 1090ℎ + 183𝐷 = 7579ℎ3 − 31916ℎ2 + 35343ℎ + 1931𝑡0  𝑓𝑐(𝑡∞)

𝑓𝑐𝑘𝑗𝑓𝑐𝑘 = 𝑒𝑠(1−√28 𝑡⁄ )

𝑡
𝜎𝑐,𝑝0𝑔 = 𝑀𝑔𝐼 𝑒𝑝 − 𝑃0𝐴𝑐 𝜂

–



 𝑓𝑝𝑦𝑘 𝑓𝑝𝑡𝑘
 𝑓𝑝𝑦𝑘 𝑓𝑝𝑡𝑘

–

–

–

–



𝐸𝑝
–

–



𝑓𝑝𝑦𝑘𝑓𝑝𝑡𝑘 ɛ𝑢𝑘
𝑓𝑝𝑦𝑘 𝑓𝑝𝑡𝑘 ɛ𝑢𝑘

ɛ𝑝𝑦𝑘 = 𝑓𝑝𝑦𝑘𝐸𝑝ɛ𝑝𝑦𝑑 = 𝑓𝑝𝑦𝑑𝐸𝑝ɛ𝑝𝑢 ≈ 30 𝑎 40‰
𝑓𝑝𝑦𝑘𝑓𝑝𝑦𝑑𝑓𝑝𝑡𝑘𝐸𝑝



ɛ𝑝𝑦𝑘ɛ𝑝𝑦𝑑ɛ𝑝𝑢
𝑃𝑖

𝜎𝑝𝑖 = 0,80 ⋅ 𝑓𝑝𝑡𝑘





 𝐸𝐼 𝑠𝑒𝑐
 𝑓𝑐𝑘 ≥ 50 MPa




𝑓𝑐𝑘



𝑓𝑐𝑘 𝑓𝑦𝑘 =
𝜙

𝑏 =ℎ = 𝐿 =𝑓𝑐𝑘 = 𝑓𝑦𝑘 = 𝑞 =ɣ𝑐 =𝑝𝑝 =𝑓𝑝𝑡𝑘 =



µ =𝑘 =
𝐴𝑝 =
𝐴𝑐 =𝐼ℎ = m4

𝑝𝑝 =  𝑏 ⋅ ℎ ⋅ ɣ𝑐

𝑓𝑝𝑡𝑘

𝜎𝑝𝑖 = 0,80 ⋅ 1900 = 1520 MPa
∆𝜎𝑎𝑡𝑟 ∆𝜎𝑎𝑛𝑐



∆𝜎𝑒𝑛𝑐 ∆𝜎𝑖𝑚𝑒
∆𝜎𝑖𝑚𝑒 = ∆𝜎𝑎𝑡𝑟 + ∆𝜎𝑎𝑛𝑐 + ∆𝜎𝑒𝑛𝑐

–

–

ℎ𝑖−1 ℎ𝑖 ℎ𝑖 𝛽 𝛼 ∑ 𝛼 ∆𝑃𝑎𝑡𝑟



–

–∆𝜎𝑝𝑖,𝑎𝑛𝑐
𝛿𝑎𝑛𝑐

–



–

–



𝑀𝑝𝑝⋅ 𝑒𝑝 𝑃0 𝜎𝑐𝑝 + 𝜎𝑐𝑔 ∆𝜎𝑝,𝑒𝑛𝑐



–

–

𝑓𝑝𝑡𝑘∑ 𝑃0 𝑛𝐴𝑃⁄𝑓𝑝𝑡𝑘 = 1411,481900 = 0,74 0,7 𝑓𝑝𝑡𝑘 0,8 𝑓𝑝𝑡𝑘
0,7 𝑓𝑝𝑡𝑘 → 𝜓1000 = 2,50%0,8 𝑓𝑝𝑡𝑘 → 𝜓1000 = 3,50%

(𝜓1000 − 2,5)(0,74 − 0,7) = (3,5 − 2,5)(0,8 − 0,7) = 𝜓1000 = 2,5 + 0,04 ⋅ 10,1 = 2,90%
𝜓∞ = 2,5 × 2,90 = 7,25%



𝜒∞ = − ln(1 − 0,0725) = 7,526%
–

u𝑎𝑟)

𝛾 = 1 + 𝑒(−7,8+0,1⋅75) = 1,74
ℎ𝑓𝑖𝑐 = 1,74 ⋅ 2 ⋅ (0,30 ⋅ 0,50)1,60 = 0,33 m

t0 = 1 20 + 1030 10 = 10 dias
𝐴 = 40𝐵 = 116 ⋅ 0,333 − 282 ⋅ 0,332 + 220 ⋅ 0,33 − 4,8 = 41,00𝐶 = 2,5 ⋅ 0,333 − 8,8 ⋅ 0,33 + 40,7 = 37,91𝐷 = −75 ⋅ 0,333 + 585 ⋅ 0,332 + 496 ⋅ 0,33 − 6,8 = 214,81𝐸 = −169 ⋅ 0,334 + 88 ⋅ 0,333 + 584 ⋅ 0,332 − 39 ⋅ 0,33 + 0,8 = 51,43

𝛽𝑠(10) = 0,13 + 40 ⋅ 0,12 + 41 ⋅ 0,10,13 + 37,91 ⋅ 0,12 + 214,81 ⋅ 0,1 + 51,43 = 0,06141



𝘀𝑐𝑠∞ = 10−4 ⋅ (−8,09 + (7515) − ( 7522284) − ( 753133765) + ( 7547608150)) ⋅ 33 + 2 ⋅ 0,3320,8 + 3 ⋅ 0,33
𝘀𝑐𝑠∞ = −7,027 ⋅ 10−4

𝘀𝑐𝑠(∞, 𝑡0) = −7,027 ⋅ 10−4[1 − 0,061] = −6,596 ⋅ 10−4
–

𝜑𝑎 𝜑𝑓

𝑡0 = 2 20 + 1030 10 = 20 dias 𝑡0  𝑓𝑐(𝑡∞)
momento da protensão e j → ∞ e dividir os valores, 

𝑠 = 0,25 → 𝑓𝑐𝑘(𝑗=10)𝑓𝑐𝑘𝑗→∞ = 𝑒0,25(1−√28 10⁄ )𝑒0,25 = 0,66
𝜑𝑎 = 0,8[1 − 0,66] = 0,27

𝜑𝑓∞ = (4,45 −  0,035 ⋅ 75) 0,42 + 0,660,20 + 0,66 = 2,59
𝐴 = 42 ⋅ 0,333 − 350 ⋅ 0,332 + 588 ⋅ 0,33 + 113 = 289,10𝐵 = 768 ⋅ 0,333 − 3060 ⋅ 0,332 + 3234 ⋅ 0,33 − 23 = 733,29𝐶 = −200 ⋅ 0,333 + 13 ⋅ 0,332 + 1090 ⋅ 0,33 + 183 = 533,21𝐷 = 7579 ⋅ 0,333 − 31916 ⋅ 0,332 + 35343 ⋅ 0,33 + 1931 = 10330,33𝛽𝑓(20)𝛽𝑓(20) = 202 + 289,10 ∗ 20 + 733,29202 + 533,21 ∗ 20 + 10330,33 = 0,323



𝜑𝑓(∞, 20) = 2,59[1 − 0,323] = 1,75
𝜑 = 0,27 + 1,75 + 0,4 = 2,42𝜂 𝜌𝑝 𝛼𝑝𝜂 = 1 + 0,15² ⋅ 0,150,003125 = 2,08
𝜌𝑝 = 8,08 ⋅ 10−40,15 = 0,00539

𝛼𝑝 = 𝐸𝑝𝐸𝑐𝑖28 = 200.00028.000 = 6,52
𝜎𝑐,𝑝0𝑔 = 135,470,003125 ⋅ 0,15 − 1162,650,15 ⋅ 2,08 = −9,62 MPa

𝛥𝜎𝑝 = 6,596 ⋅ 20 + 6,52 ⋅ 9,62 ⋅ 2,42 + 1411,48 ⋅ 0,075261 + 0,07526 + (1 + 2,422 ) ⋅ 6,52 ⋅ 2,08 ⋅ 5,39 ⋅ 10−3 = 309,27 MPa

(1 − 𝛥𝜎𝑝0 − 𝛥𝜎𝑝𝛥𝜎𝑝𝐼 ) × 100
(1 − 1411,48 − 315,501509,39 ) × 100 = 27,39%



0,7 ⋅ 𝑓𝑐𝑘𝑗 = 0,7 ⋅ (30 ⋅ 𝑒(0,25⋅(1−√2810))) = −17,75 MPa
1,2 ⋅ 𝑓𝑐𝑡𝑚 = 1,2 ⋅ 0,3 ⋅ 302 3⁄ = 3,48 MPa

𝜎𝑖 = − 𝑃𝑖𝐴𝑐 − 𝑃𝑖 ⋅ 𝑒𝑝 ⋅ 𝑦𝐼ℎ − 𝑀𝑝𝑝 ⋅ 𝑦𝐼ℎ
𝑃𝑖 = 𝜎𝑝𝑖 ⋅ 𝐴𝑝 𝑦:

𝑃𝑖 ⋅ 𝛾𝑝 𝑒𝑝 𝑀𝑝𝑝⋅ 𝜎𝑖 𝜎𝑖





0,60 ⋅ 𝑓𝑐𝑘0,6 ⋅ 𝑓𝑐𝑘 = 0,6 ⋅ 30 = 18 MPa
𝜎𝐶𝑄𝑃 𝜎𝐶𝑄𝑃 = − 𝑃∞𝐴𝑐 − 𝑃∞ ⋅ 𝑒𝑝 ⋅ 𝑦𝐼ℎ − 𝑀𝐶𝑄𝑃 ⋅ 𝑦𝐼ℎ

𝑃∞ = 𝜎𝑝∞ ⋅ 𝐴𝑝 𝑀𝐶𝑄𝑃 = 𝑀𝑝𝑝 + 𝜓2𝑀𝑞
𝜓2 = 0,3

𝑃∞ 𝑒𝑝 𝑀𝑝𝑝⋅ 𝑀𝑞⋅ 𝑀𝐶𝑄𝑃⋅ 𝜎𝐶𝑄𝑃 𝜎𝐶𝑄𝑃



𝑃∞ 𝑒𝑝 𝑀𝑝𝑝⋅ 𝑀𝑞⋅ 𝑀𝐶𝑄𝑃⋅ 𝜎𝐶𝑄𝑃 𝜎𝐶𝑄𝑃

𝑓𝑐𝑡,𝑓𝑓𝑐𝑘



𝑓𝑐𝑡,𝑓 𝑓𝑐𝑡𝑚 = 0,3 ⋅ 𝑓𝑐𝑘2 3⁄0,45 ⋅ 𝑓𝑐𝑘 = 0,45 ⋅ 30 = 18 MPa𝑓𝑐𝑡𝑚 = 0,3 ⋅ 𝑓𝑐𝑘2 3⁄ = 0,3 ⋅ 302 3⁄ = 2,90 MPa 𝜎𝐶𝐹

𝜎𝐶𝐹 = − 𝑃∞𝐴𝑐 − 𝑃∞ ⋅ 𝑒𝑝 ⋅ 𝑦𝐼ℎ − 𝑀𝐶𝐹 ⋅ 𝑦𝐼ℎ
𝑀𝐶𝐹 = 𝑀𝑝𝑝 + 𝜓1𝑀𝑞
𝜓1 = 0,4



𝑃∞ 𝑒𝑝 𝑀𝑝𝑝⋅ 𝑀𝑞⋅ 𝑀𝐶𝐹⋅ 𝜎𝐶𝐹 𝜎𝐶𝐹



𝑀𝑅𝑑𝑀𝑆𝑑 𝑀𝑆𝑑 ≤ 𝑀𝑅𝑑𝑀𝑆𝑑

𝑀𝑆𝑑 = 𝑀𝑝𝑝 ⋅ 𝛾𝑔 + 𝑀𝑞 ⋅ 𝛾𝑞 + 𝑀𝑝 ⋅ 𝛾𝑝𝑀𝑆𝑑𝑀𝑝



𝑃∞ 𝑒𝑝 𝜌𝑝 𝛥𝜎𝑝 𝑃∞ 𝑀𝑃 ⋅ 𝑀𝑆𝑑⋅

𝑀𝑅𝑑



–

𝑓𝑐𝑘
𝒇𝒄𝒌

𝑁𝑆𝑑



–

𝑀𝑅𝑑 𝑀𝑆𝑑



–





–

–

–

–

– –

–

– –

–

https://brasil.arcelormittal.com/produtos-solucoes/catalogos


–

– –

–


