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Resumo

O desenvolvimento de um modelo de analise de placas de concreto estrutural, que
considere adicionalmente a influéncia do concreto a tracdo, como também outras
tipologias de composicao do concreto e técnicas de utilizacdo de sistemas de reforco

estrutural, ainda carece de melhor desenvolvimento e comprovacao.

Este trabalho apresenta um modelo refinado de campos de tensées (Modelo de Trelica
com Amolecimento e Angulo Variavel Eficiente - Eff. RA-STM) que considera esses
fatores, os quais influenciam o comportamento das placas, de maneira que os resultados
obtidos demonstram-se mais préximos aos obtidos por via experimental. Em adicao, o
trabalho também incorpora o objetivo de reformular o procedimento de solucao do
modelo predecessor ao aqui apresentado, com vista a aumentar a eficiéncia

computacional e estabilidade numérica.

Para verificar a confiabilidade e a capacidade do modelo proposto, foram efetuadas
comparacoes entre os resultados das previsoes correspondentes ao modelo refinado de
campo de tensdes proposto neste trabalho e observacoes experimentais de testes
relevantes encontrados na literatura. Esta abordagem levou a uma simulacdo mais
realista e uma melhor compreensdao do comportamento global das placas de concreto
estrutural. O modelo proposto podera ser ttil para ajudar a verificagao local de elementos

estruturais de concreto com comportamento de placa.

Palavras-chave

RA-STM; Betao em tracdo; Procedimento de solucdao eficiente; Placas; Concreto

estrutural.






Abstract

The development of a model to analyse structural concrete membranes, which
additionally considers the influence of the tensile concrete, as well as other type of

concretes and strengthening techniques, still needs better development and validation.

This work presents a refined stress field model (Efficient Rotating-Angle Softened Truss
Model - Eff. RA-STM) considering the previous factors which influence the behavior of
the plates, so that the predictions are closer to the results obtained experimentally. In
addition, the work also incorporates the objective of reformulating the solution
procedure of the previous version of the model to the one presented here, in view to

increase the computational efficiency and numerical stability.

To check the reliability and capacity of the proposed model, comparisons were made
between the predictions from the refined stress field model proposed in this work and
the experimental results from relevant tests found in the literature. This approach led to
a more realistic simulation and a better understanding of the overall behavior of
structural concrete plates. The proposed model can be useful to help to check locally

structural concrete plates.

Keywords

RA-STM; Tensile concrete; Efficient solution procedure; Plates; Structural concrete.
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Capitulo 1

Introducao

1. Enquadramento

Este trabalho apresenta um modelo de analise estrutural baseado num modelo de
campos de tensoes. A analise do comportamento de um elemento bidimensional sujeito
a esforcos de membrana nao é uma tarefa trivial. Na década de oitenta do século passado
as previsoes para o comportamento carga versus deformacao de placas de concreto

armado apresentavam margens de erro superiores a 15%, nesta altura, evidenciou-se que

as previsoes dependiam fortemente das relacoes tensao-deformacao dos materiais [1].

Soma-se a esse fato, que as atuais demandas impostas aos projetistas estruturais
condicionam o desenvolvimento de novos modelos analiticos, e a calibracao dos atuais
para que possam ser utilizados como ferramentas de auxilio para projetos estruturais no
tocante a verificacdo da seguranca de estruturas complexas. Para contornar esses
problemas, tém sido desenvolvidos varios modelos analiticos para simular o

comportamento de placas de concreto estrutural.

O Modelo de Trelica com Amolecimento e Angulo Variavel Eficiente (Eff. RA-STM)
proposto neste trabalho, surge a partir do refinamento e otimizacao do Modelo de Trelica
com Angulo Vari4vel (RA-STM — Rotating Angle Softened Truss Model) tendo por base

o procedimento proposto por Silva e Horowitz em 2015 [2] e Silva et al. em 2017 [3].

O Eff. RA-STM é capaz de prever o comportamento de placas de concreto estrutural com
armaduras ordinarias e/ou protendidas submetidas a esforcos de membrana, em
particular ao cisalhamento, assim como placas de concreto estrutural reforcadas com
laminados de carbono, como também placas em concreto com adic@o de fibras de aco e

armaduras de reforco ordinarias e/ou protendidas.

O presente trabalho integra-se, em parte, no ambito da Bolsa de Incentivo a

Doutoramento (BID), financiada pelo Contrato Programa Plurianual de Mecenato UBI-

Santander Totta (BID/FE/2019).



2. Descricao do problema

Estruturas usuais de concreto armado tém o desafio de atender aos critérios de
desempenho estrutural durante toda sua vida util, designadamente de resistir aos
esforcos solicitantes que surgem a partir da sua construcdo e uso [4]. E uma pratica
comum na engenharia de estruturas a discretizacio de estruturas complexas,
transformando a estrutura inicial numa combinacao de elementos mais simples. Com

base neste principio varios modelos de anélise estrutural tém sido desenvolvidos.

Em alguns casos, estruturas como plataformas maritimas, paredes resistentes em
edificios, estruturas de contencao nuclear, vigas caixao em pontes, coberturas em cascas
de grandes vaos, entre outras, conforme ilustrado na Figura 1, podem ser simplificadas
como uma associacao de elementos laminares planos, caracterizados geometricamente
por apresentar duas dimensoes, largura e comprimento, consideravelmente superiores a

terceira, espessura.

ESTRUTURAS
EM CASCA

PLATAFORMA
MARITIMA

ESTRUTURAS
DE CONTENGAO
NUCLEAR

=

TRAGAQ
BIAXIAL E CORTE

COMPRESSAOQ
BIAXIAL E CORTE

NUCLEO DE

PAREDES DE CORTE i B BTG y
ACOPLADAS — EDIFICIOS ALTOS

5

TRAGAQ E CORTE COMPRESSAQ
E CORTE

Figura 1 - Simplificagdo de estruturas de concreto armado em elementos do tipo placa.



Tais elementos constituidos de concreto armado e/ou protendido, com armaduras
dispostas em sua generalidade em direcoes ortogonais, estao sujeitos apenas a tensoes
que atuam no seu proprio plano, os quais geram esforcos de membrana. Devido a estas
caracteristicas, sio denominados de placas ou painéis, e o seu comportamento pode ser

determinado com métodos baseados em modelos de campos de tensoes (ou de trelica).

Os fundamentos desse estudo tém alicerce no entendimento do mecanismo de
transferéncia de tensbes entre os materiais constituintes das placas de concreto
estrutural no estado fissurado. O fendmeno da fissuracdo torna-se mais relevante
quando a direcao das armaduras nao coincide com a direcdo da tensao principal de
tracdo, responsavel pela fissuracao do concreto, esta condicao é usual em placas de

concreto estrutural submetidas predominantemente ao cisalhamento [5].

O modelo apresentado considera a fissuracao das placas desde o inicio do carregamento,
por considerar a problematica da fissuracao e a baixa resisténcia do concreto a tragao.
Esta consideracao é importante para o estudo do comportamento no estado pods-

fissurado das placas.

A Figura 2 ilustra o esquema de carregamento em elementos estruturais do tipo placa,

em que as grandezas empregadas para descrever o comportamento do elemento sao as

tensoes normais orientadas segundo o eixo X, 0, e segundo o eixo Y, 0, , e as tensoes

de cisalhamento ortogonais aos eixos X e Y respectivamente, 7,, =7, , essa condicao

caracteriza o estado plano de tensoes ou tensdes de membrana.

Figura 2 - Esquema das forgas locais para um estado plano de tensao.



Atualmente, além da utilizacao das placas de concreto armado, amplamente utilizadas,
a incorporacao de técnicas de protensdao em estruturas laminares é muito usual. A
protensao tem a capacidade de otimizar o comportamento de servico das estruturas,
reduzir as dimensdes dos elementos estruturais e incrementar a resisténcia tltima,
quando aplicada de forma racional. A tensao inicial de compressao devido aos esforcos
axiais resultantes da protensdo, combinada com a tensdo tangencial induzida pelo
cisalhamento, resulta num estado de tensdo biaxial, como consequéncia, nota-se o
retardamento da fissuracdo. Adicionalmente, a armadura de protensao contribui para o
aumento da resisténcia dltima do elemento estrutural ap6s a descompressao, por

assumir a condi¢ao de armadura passiva e conter uma reserva de resisténcia.

A pratica mais frequente da utilizacdo da protensao é unidirecional, como por exemplo,
em vigas continuas. A aplicacao bidirecional, apesar de menos frequente, pode ocorrer
em situacoes especificas. As coberturas em capula de estruturas de contencao nuclear,
para elevar a seguranca a acao de acidentes correspondentes a explosao de reatores
nucleares, e nas almas das vigas de secoes em caixao em pontes nas zonas proximas aos
apoios, devido ao elevado esforco cortante, sao exemplos que podem ser citados. Por
essas razoes, o modelo considera além de placas de concreto dotado de armaduras
ordinérias, o caso geral de placas de concreto com protensao bidirecional sujeito a agao

de esforcos de membrana.

Os sistemas de reforco em polimeros reforcados com fibra (FRP — Fiber Reinforced
Polymer) ligados externamente, tém sido abrangentemente utilizados nos tltimos trinta
anos como técnica de reabilitacdo e fortalecimento de estruturas de concreto armado.
Diversas vantagens podem ser apontados acerca do uso dos sistemas FRP, quando
comparados a outros sistemas de reforco estrutural, como resisténcia a corrosao,

facilidade de aplicacao, alta resisténcia e alta rigidez [6,7].

Modelos analiticos bem estabelecidos estdo disponiveis para projetar e analisar sistemas
FRP em vigas e pilares sob acdo de confinamento flexural e axial [6,7]. Porém para
elementos de concreto estrutural reforcados com FRP onde o cisalhamento é a acao
dominante, é reconhecido que o comportamento estrutural é mais complexo do que
elementos nado reforcados com FRP. Esse fato decorre da maior complexidade dos

mecanismos e modos de falha associados a elementos com FRP [8].

Os modelos analiticos atuais, disponiveis para prever o comportamento de elementos de
concreto estrutural reforcados com FRP submetidos ao cisalhamento como agio

dominante, apresentam grandes dispersoes quando comparados com resultados



experimentais [9], por essa razdo, consta na literatura recente que estudos analiticos e

experimentais continuam a ser realizados [9-14], a exemplo desse trabalho, que

apresenta um modelo fiadvel nesse sentido.

A adicao de fibras de aco no concreto tem a capacidade de otimizar algumas propriedades
do concreto. No estado pos-fissurado fica evidente o maior controle de a abertura de
fendas, aumento da resisténcia a tracao, ductilidade e tenacidade [15,16]. O concreto
simples falha repentinamente ao atingir o pico de carga [17,18], enquanto o concreto com
fibras de aco (SFC — Steel Fiber Concrete) suportam uma carga pds-pico significativa,
por conta do efeito de ponte das fibras através da fissuracao e do efeito de confinamento

das fibras dentro do concreto.

Estruturas como, paredes de cisalhamento, vasos de contenc¢ao nuclear e vigas de se¢ao
em caixao utilizadas em pontes de grandes vaos podem se beneficiar além da protensao,
com a utilizacao do SFC, pela sua capacidade de reduzir, e em alguns casos, eliminar, a
necessidade de armaduras de cisalhamento convencionais. Este recurso tem o potencial
de minimizar o tempo e a mao de obra associados a execucao desses elementos

estruturais.

Diante da descricao sumaria das solucdes estruturais de concreto mais comuns, e outra
com imenso potencial de aplicagdo em grande escala, assim como o método de reforco
estrutural referido, o Eff. RA-STM inclina-se na direcdo da ampla aplicabilidade e ser
utilizada como ferramenta preditiva do comportamento local para o calculo estrutural de

estruturas complexas.

3. Objetivos
O modelo RA-STM modificado por Silva [2], Cerquido [19] e Lyrio [20], fornece boas

previsoes teoricas apenas para a fase ultima comportamental das placas. Além disso, o
modelo foi validado somente para o caso de placas de concreto armado e concreto
protendido sujeitas a cisalhamento puro com carregamento proporcional, sem
considerar a influéncia do concreto a tracao. Dessa forma, no ambito deste doutoramento
apresenta-se o refinamento e otimiza¢do do modelo RA-STM modificado, e avangos em
varios aspectos que nao foram abordados nos estudos anteriores, designadamente os
estudos referidos anteriormente. Os principais objetivos aventados para esta

investigacao sao os seguintes:



1. Implementar de forma numericamente eficiente os modelos de RA-STM modificado

de Silva [2], Cerquido [19] e Lyrio [20] no MATLAB;

2. Incorporar a influéncia do concreto a tracdo no modelo RA-STM para capacitar o
mesmo a prever adequadamente a transicdo do estado nao fissurado para o estado
fissurado e validar o novo modelo tendo por base resultados experimentais encontrados

na literatura;

3. Generalizar o modelo para incorporar placas reforcadas com laminas em FRP aderidas
externamente. Validar o modelo tendo por base resultados experimentais encontrados

na literatura;

4. Generalizar o modelo para incorporar placas que contenham SFC, ou seja fibras de aco
em sua matriz de concreto, e que, em simultaneo, possam possuir armaduras
protendidas. Validar o modelo tendo por base resultados experimentais obtidos na

literatura.

Confome apresentado no Plano de Tese desse trabalho, no item Plano de Investigacao e
Metodologia, alguns objetivos foram ajustados por serem considerados necessarios e
adequados para o progresso desta investigacio. O cumprimento dos objetivos
anteriormente referidos requereu mais tempo do que o previsto no Plano de Tese,
designadamente em resultado da implementacao e calibracao do modelo, bem como da
necessaria resolucao de problemas de convergéncia. Por estes motivos, ndo foi possivel,
por exemplo, abordar até ao fim outros estados e tipos de carregamento (por exemplo,
corte ciclico), assim como a utilizacao de critérios energéticos para reformular o modelo

e tentar reduzir a complexidade do procedimento de calculo.

Todavia, considera-se que importantes e atuais objetivos suplementares foram atingidos
de modo a alargar as possibilidades de aplicacdo pratica do modelo proposto.
Nomeadamente, a generalizacio do novo modelo (Eff.RA-STM) para placas que
contenham reforcos em FRP aderidos externamente e para placas que contenham SFC

em sua matriz de concreto, foram incorporadas a investigacao e validadas com sucesso.

4. Metodologia

Primeiramente, desenvolveu-se uma pesquisa de propostas de modelos analiticos

baseados em campos de tensdes (modelos de trelica) para placas de concreto estrutural



submetidas ao cisalhamento e suas aplicacoes. O proximo passo foi verificar como esses
modelos contribuiram para o avanco da analise estrutural. Posteriormente, com base no
conhecimento adquirido, foi refinado e otimizado um modelo anterior (RA-STM) de
maneira que o alargamento da sua aplicabilidade, estabilidade numérica e aproximacao
a resultados experimentais fossem alcancados. O detalhamento das atividades

executadas seguiram a sequéncia descrita.

Tarefa 1 — Pesquisa bibliografica sobre o tema do trabalho, estudo dos elementos
recolhidos, com interesse para o tema, elaboracdo do estado da arte sobre o tema,
iniciacAo a programacdo em MATLAB. Essa tarefa possibilitou o entendimento do
histérico e a visualizacdo do atual estagio de avanco e aplicabilidade dos modelos
analiticos baseados em trelicas para placas de concreto estrutural, adicionalmente

introduziu as ferramentas informaticas que viabilizaram esse trabalho.

Tarefa 2 — Implementacdo do modelo analitico no MATLAB com procedimento
numérico eficiente. Nessa etapa do trabalho foi realizada a implementacao do RA-STM,
capaz de ser utilizada para analise de placas de concreto armado e concreto protendido.
Adicionalmente, o modelo foi refinado com a incorporacao da influéncia do concreto a
tracdao, mediante a reformulacao do procedimento solucao com vista a incorporar esta
contribuicdo. Os resultados obtidos foram validados tendo por base resultados

experimentais encontrados na literatura.

Tarefa 3 — Reformulacdo do modelo e implementacio no MATLAB por forma a
incorporar a contribuicdo de reforcos externos em FRP. Essa tarefa possibilitou a
confirmacao da versatilidade do modelo, nomeadamente quanto a sua capacidade de
previsao do comportamento de placas de concreto estrutural reforcadas com FRP. Os
resultados obtidos foram validados por resultados experimentais encontrados na

literatura.

Tarefa 4 — Reformulacdo do modelo e implementacio no MATLAB por forma a
incorporar SFC. Nessa etapa o modelo foi novamente alargado e utilizado na previsao do
comportamento de placas de concreto protendido, com adicao de SFC na matriz de
concreto. Os resultados obtidos foram validados por resultados experimentais

encontrados na literatura.

Tarefa 5 — Organizacao das informacoes coletadas ao longo do trabalho e redacgao da tese.
Recolhidas as informacoes, o passo seguinte foi a redagao das conclusées de modo a dar

suporte ao modelo anélitico e suas aplicagdes apresentadas nesta tese.



5. Organizacao do documento

Nesta secao é apresentada a organizacdo da tese, com uma descricio sumaria do

contetido de cada capitulo.

No capitulo 1, apresenta-se um panorama geral sobre o tema da tese e sao salientados os
aspectos que tornam essa investigacao relevante e nescessaria. Contém a introducao,
incluindo o enquadramento, descricdo do problema, objetivos, metodologia e também a

organizacao do documento.

Consta no capitulo 2 a apresentacdo da revisdo bibliografica de alguns modelos
analiticos, formulacdo e procedimento de calculo do RA-STM original, incluindo os

desenvolvimentos mais recentes.

O capitulo 3 é constituido por um artigo cientifico publicado num congresso
internacional que resume os ultimos desenvolvimentos do RA-STM e relata propostas de

refinamento/otimizacao do modelo.

O capitulo 4 é composto por um artigo cientifico publicado em revista internacional que
descreve e valida uma proposta do modelo RA-STM refinado e otimizado (Eff. RA-STM)

para placas de concreto armado.

O capitulo 5 é formado por um artigo cientifico publicado em revista internacional que
apresenta a extensao do Eff. RA-STM e sua validagcdo para placas de concreto com

armaduras protendidas.

O capitulo 6 é instituido por um artigo cientifico publicado em revista internacional, onde
o Eff. RA-STM é modificado com vista a prever o comportamento de placas de concreto
armado reforcadas externamente com FRP. E também apresentada a validacio do

modelo.

O capitulo 7 é concebido por um artigo cientifico publicado em revista internacional que
propde e valida a extensao do Eff. RA-STM para placas de concreto com adi¢ao de fibras

de aco e armaduras protendidas.

Finalmente no capitulo 8 sdo apresentadas as conclusdes do estudo realizado e as

recomendacoes para futuros desenvolvimentos do trabalho.



Referéncias Bibliograficas

[1] Collins, M. P., Vecchio, F J., and Mehlhom, G. (1985),“An International Competition
to Predict the Response of Reinforced Concrete Panels”, Canadian Journal of Civil

Engineering, Ottawa, Vol. 12, No. 3, pp. 626-644.

[2] Silva, J. R. B. e Horowitz, B. (2015), “Procedimento Eficiente Para Estimar o
Comportamento Carga-Deformacdo de Painéis de Concreto Armado Submetidos a
Esforcos de Membrana Usando o Modelo de Trelica com Amolecimento e Angulo
Variavel”, CILAMCE 2015 — XXXVI Iberian Latin American Congresso on

Computacional Methods in Engineering, Rio de Janeiro-RJ, Brasil.

[3] Silva, J. R. B, Horowitz, B., Bernardo, L. F A. (2017), “Efficient Procedure to Analyze
RC Beam Sections using the Softened Truss Model”, ACI Structural Journal, American

Concrete Institute, Vol. 114, No. 3, May-June 2017, pp. 1-10.

[4] NP EN 1991-1-1 (2009) Eurocode 1: Accoes em Estruturas - parte 1: accoes gerais

pesos volumicos, pesos proprios, sobrecargas em edificios.

[5] Bernardo, L. F. A. (2003), “Tor¢ao em Vigas em Caixao de Betao de Alta Resisténcia”,
Departamento de Engenharia Civil, Faculdade de Ciéncia e Tecnologia da Universidade

de Coimbra.

[6] ACI Committee 440 (2017), “Guide for the design and construction of externally
bonded FRP systems for strengthening concrete structures”, ACI 440.2R-17. Farmington
Hills (MI): American Concrete Institute.

[7] Task Group fib T5.1 (2019), “Externally applied FRP reinforcement for concrete
structures”. FIB BULLETIN No. 90. Lausanne, Switzerland: International Federation for

Structural Concrete (fib).

[8] Belarbi A., Bae S. W., Ayoub,A., Kuchma, D., Mirmiran, A., Okeil A. (2011), “Design
of FRP systems for strengthening concrete girders in shear”, NCHRP Rep. No. 678, 2001,
Transportation Research Board, Washington, DC.

[9] Zomorodian M., Belarbi A., Ayoub A. (2017), “Finite element model for predicting the
shear behavior of FRP-strengthened RC members”, Engineering Structures. 2017;153,
pp. 239-253.



[10] He,R., Sneed, L.H., Belarbi. A. (2014), “Torsional repair of severely damaged column
using carbon fiber-reinforced polymer”, ACI Structural Journal, 2014;111(3), pp.705—
716.

[11] Mofidi, A., Chaallal, O. (2014) , “Effect of steel stirrups on shear resistance gain due
to externally bonded fiber-reinforced polymer strips and sheets”, ACI Structural Journal,

2014;111, pp. 353-361.

[12] Ganganagoudar, A., Mondal, T.G., Prakash S.S. (2016), “Analytical and finite
element studies on behavior of FRP strengthened RC beams under torsion”, Composite

Structures, 2016;153, pp. 876- 885.

[13] Baghi,H., Barros, J.A. (2016), “ Shear strengthening of reinforced concrete T-beams
with hybrid composite plate”. Journal of Composites for Construction, 2016;20(6):
04016036.

[14] Zomorodian, M., Yang, G., Belarbi, A, Ayoub A. (2018), “Behavior of FRP-
strengthened RC elements subjected to pure shear”, Construction and Building

Materials, 2018;170, pp. 378-391.

[15] ACI Committee 544. (1998), “Design Considerations for Steel Fiber Reinforced
Concrete”, ACI Structural Journal, 1998, 85(5), pp. 563-580.

[16] fib CEP-FIP. (2016), “Fibre-reinforced concrete: From design to structural
applications”, FRC 2014: ACI-fib International Workshop. FIB BULLETIN NO. 79.

Lausanne, Switzerland: International Federation for Structural Concrete (fib).

[17] Traina L.A, Mansour S.A. (1991), “Biaxial Strength and Deformational Behavior of
Plain and Steel”, 498 Fiber Concrete, ACI Material Journal, 1991, 88(4),pp. 353-362.

[18] Thomas, J., Ramaswamy, A. (2007), “Mechanical Properties of Steel Fiber-
Reinforced Concrete”, 500 Journal of Materials in Civil Engineering, ASCE, 2007, 19(5).

[19] Bernardo, L.F.A, Cerquido, B.M.D, Silva, J.R.B and Horowitz, B. (2018), “Efficient
refined rotating-angle softened truss model procedure to analyze reinforced concrete

membrane elements”, Structural Concrete, 2018, pp. 1971-1982 - Wiley Online Library

10



[20] Bernardo, L.F.A, Lyrio, A.R.B, Silva, J.R.B and Horowitz, B. (2018), “Refined
softened truss model with efficient solution procedure for prestressed concrete

membranes”, Journal of Structural, 2018 - ascelibrary.org

11


https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29ST.1943-541X.0002044
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29ST.1943-541X.0002044
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29ST.1943-541X.0002044

Capitulo 2

Estado da arte

1. Introducao

Nessa secao descreve-se, de maneira sucinta, alguns dos principais estudos realizados
que possibilitaram o entendimento atual da modelacao numérica de placas de concreto

estrutural sujeitas ao cisalhamento, tendo por base o modelo de trelica plana.

2. Evolucao dos modelos analiticos para placas de concreto

estrutural

Os primeiros estudos relativos a modelos de trelica plana aplicados aos elementos de
concreto estrutural submetidos a esforcos de membrana, remontam a 1899 por iniciativa
de Ritter [1], e posteriormente a Morsch , em 1902 [2]. Nesta fase primal dos estudos foi
idealizado o modelo 45°Truss Model, que trata a resisténcia ao cisalhamento de vigas de

concreto como o mecanismo interno de uma trelica, onde as escoras diagonais de

concreto sao sujeitas a compressao axial e as armaduras sujeitas a tracgao.

Em 1968, Robinson e Demorieux , confirmaram o funcionamento do modelo 45° Truss
Model, e sob a 6tica bidimensional, adicionaram o conceito do efeito de amolecimento
(softening effect), onde a resisténcia a compressao nas escoras de concreto é reduzida
pelo aparecimento de fissuras decorrentes de tensdes de tracdo perpendiculares as
tensoes de compressdo, quando comparada com a resisténcia obtida em ensaios de
compressao uniaxial [3]. Com a aplicacdo desse novo conceito, eles foram capazes de
explicar o equilibrio das tensdes em oito vigas de perfil I testadas experimentalmente,
todavia nao foram capazes de quantificar a reducdo de resisténcia nas escoras de

concreto.

A quantificacdo do coeficiente de amolecimento para curva tensao-deformacao
compressiva do concreto foi objeto de estudo de Vecchio e Collins em 1981 [4], para
alcancar esse objetivo foi construido um dispositivo especifico para o ensaio ao
cisalhamento. A partir dos resultados dos ensaios entdo realizados foi desenvolvida a

Teoria do Campo de Compressoes (Compression Field Theory - CFT), que satisfaz os
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Principios de Navier, e que representou um grande avanco no estudo da previsao do

comportamento de elementos de concreto estrutural sob acio do cisalhamento [4] .

O CFT assume que a inclinacao da tensao de compressao principal no concreto, coincide
com a inclinacdo da deformacdo compressiva principal e das fissuras desenvolvidas
perpendicularmente a direcao principal de tracdo no concreto, essa suposicao levou a

imprecisoes quanto a rigidez pos- fissuracao do concreto.

Uma série de placas de concreto armado foram testadas experimentalmente na
Universidade de Toronto em 1982 por Vecchio e Collins [5], e por Collins et al. [6] em
1985. No ano de 1986, Vecchio e Collins propuseram a Teoria Modificada do Campo de
Compressoes (Modified Compression Field Theory - MCFT), que assume o contributo
da resisténcia do concreto a tracdo de modo a prever a rigidez do concreto pos-fissurado
[7]. Meyboom relata em 1987, os resultados dos testes de uma série de trés placas de

concreto protendido, também realizados na Universidade de Toronto [8].

Em 1988, Balakrishinan e Murray definiram novas relacoes constitutivas dos materiais
[9,10] e aplicaram os resultados em um modelo de fissura rotativa para prever o
comportamento em placas submetidas ao cisalhamento [11], a valida¢dao ocorreu por
comparagao com resultados experimentais [5]. No mesmo ano, Hsu desenvolveu o
modelo denominado de Modelo de Trelica com Amolecimento (Softened Truss Model -

STM), que considera iguais a direcao das fissuras e a direcao das tensoes principais no

elemento de concreto [12].

Crisfield e Wills em 1989, demonstraram a diferenca entre modelos de fissura fixa e
modelos de fissura rotativa [13]. Para alcancar esse objetivo os resultados analiticos
fornecido pelo modelo de fissura fixa, modelo de fissura rotativa e modelo de plasticidade
simples foram comparados com resultados experimentais [5]. Nesse mesmo ano, Bhide

e Vecchio analisaram novos painéis na Universidade de Toronto [14].

A década de noventa marca o inicio de uma fase de grande importéancia e volume de
coleta de dados experimentais para os modelos analiticos, e também de avancos em
novos modelos analiticos, a comecar em 1990 quando Vecchio apresenta um modelo
ortotropico de fissura rotativa [15]. Dois anos depois, Marti e Meyboom testaram na
Universidade de Toronto uma série de trés placas reforcadas ortogonalmente, uma de

concreto armado e duas de concreto protendido [16].
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No ano de 1994 foi iniciado o desenvolvimento do Modelo de Trelica com Amolecimento
e Angulo Variavel (Rotating-Angle Softened Truss Model - RA-STM) por Belarbi e Hsu,,
na Universidade de Houston. Nessa oportunidade foi proposta uma nova relacao
constitutiva para o aco em tracdo [17]. O modelo RA-STM foi finalizado em 1995 por

Belarbi e Hsu [18], e por Pang e Hsu [19].

Nesse mesmo ano, Hsu, Belarbi e Pang iniciaram testes [20], em condi¢oes controladas
[21], no Universal Panel Tester localizado na Universidade de Houston. Ao longo de
vinte anos de atividade, Hsu e sua equipe, totalizaram testes experimentais em cerca de

130 placas com diversas caracteristicas e configuracgoes.

Em 1996, Pang e Hsu apresentaram o Modelo de Trelica com Angulo Fixo (Fixed-Angle
Truss Model - FA-STM), esse modelo inclue a resisténcia ao cisalhamento do concreto
ao longo da direcao da fissura inicial e requer quatro relacoes constitutivas dos materiais
[22]. E em 1997, Hsu e Zhang confirmam a eficiéncia do FA-STM [23], através de uma
analise comparativa entre as previsoes fornecidas pelo modelo e resultados

experimentais[20].

Hsu apontou dois erros conceituais do MCFT em 1998, um relacionado as tensoes e outro
relacionado ao angulo de fissura, adicionalmente demonstrou a correta distribuicao de
tensdes em um elemento de membrana submetido ao cisalhamento [24]. No mesmo ano,
Zhang e Hsu testaram experimentalmente no Universal Panel Tester uma série de 14
placas de concreto de alta resisténcia de 100MPa submetidos a carregamentos biaxiais,
os resultados experiementais foram comparados com sucesso com as previsoes
fornecidas pelos modelos RA-STM e FA-STM [25]. Ainda em 1998, Ayoub e Filippou
apresentaram um modelo constitutivo de concreto ortotropico [26], baseado em estudos
anteriores [9,10,11,15], para a validacdo do modelo foram utlizados resultados

experimentais [5].

Nos ano 2000 e 2001, Vecchio trabalhou no desenvolvimento de um modelo de campo de
tensoes perturbado (Disturbed Stress Field Model - DSFM), baseado no modelo de
fissuras rotativas que incluia deslizamentos provocados pelo cisalhamento ao longo da
fissura e exigia a verificacdo com utilizacdo do MCFT. A validacao do modelo foi feita a
partir da comparacao com resultados experimentais [5] e resultados fornecidos pelo

MCEFT [27].
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Também em 2001, Mansour, Lee e Hsu realizaram testes em 6 placas de concreto armado
submetidas a carregamentos ciclicos reversos [28]. O objetivo desse estudo foi obter as
relacOes constitutivas ciclicas do concreto e do aco, para capacitar os modelos analiticos
a prever o comportamento de estruturas de concreto armado submetidas ao

cisalhamento ciclico.

No mesmo ano, Belletti et al. apresentaram um modelo de fissura fixa que incorporava o
interbloqueamento dos agregados e o efeito ferrolho [29]. A validacdo do modelo foi

realizada através da anélise comparativa com resultados experimentais [5,6,14,18,19].

Ainda em 2001, Zhu, Hsu e Lee simplificaram o modelo FA-STM, que deixou de possuir
um algoritmo de solucdo em duas etapas, e melhoraram a precisao do modelo com a
adocao de uma nova relacao tensao-deformacao para o concreto em substituicdo a

relacao tensao-deformacao anterior obtida empiricamente [30] .

O Modelo de Membrana com Amolecimento (Softened Membrane Model - SMM)
apresentado por Hsu e Zhu em 2002, foi desenvolvido para prever todo o comportamento
de placas submetidas ao cisalhamento monotonico, inclusive com maior rigor os ramos
descendentes da curva cisalhamento — distor¢ao pds-pico. Para alcancar este feito foi
considerado o efeito de Poisson na fase fissurada, através da introducgao dos designados

racios Hsu/Zhu [31].

Em 2005, Mansour e Hsu apresentaram o Modelo de Membrana com Amolecimento
Ciclico (Cyclic Softened Membrane Model - CSMM), utilizado para prever a rigidez,
ductilidade e dissipacao de energia de placas de concreto armado sujeitos a cisalhamento
ciclico reverso [32]. A validacao do modelo foi por analise comparativa com os resultados
dos testes de 12 painéis de concreto armado submetidos a tensdes de cisalhamento

ciclicas reversas [33].

O RA-STM ¢é o modelo eleito para este trabalho devido a sua simplicidade anélitica e
confiabilidade. A incomplexidade da formulacao e procedimento de calculo do RA-STM,
destaca-se face a comparacoes com modelos posteriores mais avancados, como o FA-
STM e o SMM. Desde os primeiros estudos, o0 RA-STM apresentou-se suficientemente
confiavel para prever o comportamento de placas de concreto estrutural pelo menos até

o pico de carga [19].
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3. Modelo de trelica com amolecimento e angulo variavel

A analise do comportamento pré-pico de elementos estruturais do tipo placa, submetidos
a esforcos de membrana pode ser realizada com a utilizacdo do modelo de trelica com
amolecimento e angulo variavel (Rotating-Angle Truss Model-RA-STM) [17,18,19]. O
nome do modelo ¢é justificado pelo mecanismo de resisténcia assemelhar-se a uma
trelica, onde o concreto é responsavel por resitir as tensdoes de compressao e as
armaduras as tensoes de tracdo. O modelo considera também o amolecimento do
concreto devido a fissuracao diagonal segundo a direcao principal de compressao em
elementos sob acdo do cisalhamento, o comportamento nao linear dos materiais e a

redistribuicao interna dos campos de tensoes (angulo variavel nas escoras).

O RA-STM tem como fundamentos os trés Principios de Navier da mecanica dos
materiais: equilibrio das tensoes, compatibilidade das deformacoes e as leis constitutivas
dos materiais. As equacoes advindas do equilibrio das tensoes e de compatibilidade das
deformacoes sdo obtidas através da analise do Circulo de Mohr, enquanto as leis
constitutivas do concreto e do aco sao embasadas nas relacoes médias tensao-

deformacao ( o —¢ ), calibradas experimentalmente.
3.1 Equilibrio das tensoes

A Figura 1 ilustra uma placa de concreto estrutural, submetido a tensdes gerais de
membrana, como a superposicdo de um elemento de concreto simples e uma malha
ortogonal de aco. A orientacdo dos eixos L-T faz referéncia as armaduras longitudinal e

transversal, respectivamente.

(a) (b) (0)

Figura 1 — Placa de concreto estrural submetido a tensoes gerais de membrana:

(a) Concreto estrutural, (b) Concreto simples e (¢c) Malha ortogonal de aco.
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As tensoes gerais de membrana o, , 0, , 7,, podem ser separadas em componentes que

atuam no concreto simples o} , oy, z¢ e em componentes que atuam na malha de aco,

p.f.,prfr. O efeito ferrolho ndo é considerado, admite-se que as armaduras estdo

submetidas apenas a esforcos axiais.

As tensOes normais que atuam no elemento de concreto estrutural sao representadas por

o, e O,e a tensdo de cisalhamento por 7,,. No elemento de concreto simples, as
tensoes normais atuantes sdo representadas por o, e o eatensao de cisalhamento por
7¢ . As taxas de armadura s3o representadas por p, e PO, , e as tensoes atuantes nas

armaduras sio expressas por f, e f,.

A convencao de sinais adotada considera as tensoes e deformacOes provenientes da
solicitacdo de tracao como positivas, e consequentemente as de compressao como
negativas. Em adicdo, considera-se a perfeita aderéncia entre o aco e o concreto.

Aplicando-se as condicoes de equilibrio, obtem-se a Eq.1:

O-L O-z poL
o, |=| oy |+ Pty ()
TLT TzT O

A Figura 2 ilustra um elemento de concreto estrutural submetido a tensodes principais de
membrana, assumidas iguais a direcdo das fissuras, definida pelo sistema de
coordenadas R-D. O angulo variavel &, relaciona os sistemas de coordenadas L-T e R-
D, a sua alteracgao ocorre consoante o aumento proporcional dos esfor¢os de membrana,

de modo que a resisténcia ao cisalhamento nessa orientacao seja sempre nula, nao é

considerada a contribuicao do concreto ao corte.

(@) (b)
Figura 2 - Elemento de concreto estrutural submetido a tensoes principais de membrana:

(a) Tensoes principais aplicadas no concreto (R-D), (b) Eixos principais no concreto.
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As tensoOes principais ¢, e 0, podem ser definidas a partir das componentes das

tensdes aplicadas no concreto simples o, oy, z¢ e do angulo «, . Neste trabalho,

optou-se pela utilizacdo do angulo ¢, , complemento do angulo «, , essa modificagao

foi motivada pela igual possibilidade de utilizacdo desse parametro para estimar a

orientacao das fissuras e pelo fato dos dois parametros conterem propriedades idénticas.

O RA-STM utilizada valores médios (smeared) para a tensao e deformacao dos materiais
ao longo de um comprimento suficiente para incluir varias fissuras, em detrimento da
consideracdo de valores para pontos especificos. Dessa forma, evitava que a
descontinuidade gerada pela fissuracao interfirisse na avaliacdo dos resultados das

previsoes fornecidas pelo modelo.

A utilizacao do Circulo de Mohr das tensdes na placa, permite a transformacao de

coordenadas entre L-T e R-D, para o elemento de concreto simples, conforme a Eq.2:

g, cos’ (a,, ) sen’ (a,) 2sen(a,)cos(a,) || &,
g |= sen’ (a,) cos’ (a,) -2sen(a, )cos(a,) || & ©))
Vo | | —2sen(a,)cos(a,) 2sen(a,)cos(a,) 2cos’(a,)-2sen’(a,)| 0

Aplicando a transformacdo de coordenadas segundo a Eq.2 na Eq.1, pode-se obter as

equacoes de equilibrio representadas na Eq.3:

o, cos’ (a, ) sen’ (a,) 2sen(a,)cos(a,) |[o,] [p.f,
o, |= sen’ (a, ) cos’ (a,) -2sen(a,)cos(a,) || o [+| prfe | (3)
7, | |-sen(a,)cos(a,) sen(a,)cos(a,) cos’(a,)-sen’(a,)| 0 0

Na versao original do RA-STM a contribuicdo da resisténcia do concreto a tragao nao era

considerada, o, =0. Dessa forma a Eq.3 pode ser descrita como as equacoes de

equilibrio Eqs.4-6:

o, =0,c08 (a,)+p,f, 4)
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o, =0, sen’ (a, )+ p, f; (5)

7., =—0,sen(a,)cos(a,) (6)

3.2 Compatibilidade das deformacées
De modo analogo a secdo anterior, a utilizacao do Circulo de Mohr das deformacoes pode
relacionar os sistemas de coordenadas L-Te R-D, como mostra a Eq.7. Segundo o sistema

de coordenadas L-T, as deformac6es médias nas direcoes longitudinal e transversal sao
representadas, respectivamente por ¢, e &, enquanto 7,, retrata a deformacgao devido
ao cisalhamento. As deformacoes principais médias segundo os sistema de coordenadas

R-D sao representadas por ¢,e &, respectivamente.

g, cos’ (a, ) sen’ (a,) 2sen(a,)cos(a,) || &,
& |= sen’ (a,) cos’ () -2sen(a, )cos(a,) || & (7N
Vo | | —2sen(a,)cos(a,) 2sen(a,)cos(a,) 2cos’(a,)-2sen’(a,)]|l 0

A combinacao das duas primeiras linhas da Eq.7 e a utilizacdo de algumas identidades
trigonométricas possibilita a obtenc@o do 1° Principio da Invariancia das Deformacdes,

de acordo com a Eq.8:

£, e, =&, +&, ®)

A deformacao devido ao cisalhamento segundo o sistema de coordenadas L-T, calculada

na dltima linha da Eq.7, pode ser representada de maneira simplificada conforme a Eq.9:

Ve =2(&, — ¢, )sen(a, )cos(a, ) (9)

3.3 Relacdes constitutivas dos materiais

O concreto sujeito a compressao, e as armaduras longitudinais e transversais sujeitas a
tracdo, sdo os materiais considerados na versdo original do modelo RA-STM. A
incorporacdo dos referidos materiais, é realiza por intermédio de leis constitutivas

médias.
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3.3.1 Concreto submetido a compressao

Um corpo de prova cilindrico de concreto sob acao de uma carga uniaxial de compressao

pode ter a representacdo da curva o —& expressa matematicamente pela parabola de

Hognestad [34], apresentada na Eq.10:
2
& &
- oo || Sn
oo 2 2] o

A tensdo de compressio resistente do concreto é representada por f, , enquanto a

deformacio correspondente a esta tensao € retratada por ¢,, correntemente admitida

igual a 2x107 para betdes de resisténcia normal . A curva o—¢& da Eq.10 estd

representada na Figura 3.

O LA Eq.10

ay

Amoleci 1to da tensdo
— — — Amolecimento proporcional

I
[}
T
¥ I
/ — : —:— .- Sem o efeito do amolecimento
]
I
I
H

ce, £, &p
Figura 3 - Curva 0 —& do concreto em compressao com amolecimento.

Para um estado biaxial de tragdo e compressao, nao é coerente utilizar diretamente a
curva da Eq.10, torna-se necessario ter em conta o efeito de amolecimento [3]. Alguns
modelos consideram este efeito somente para a tensiao, enquanto outros admitem o

amolecimento proporcional, observado na tensao e na deformacao.

A curva que representa a Eq.11, proposta por Hsu e Mo em 2010 [35], aproxima-se com

mais realismo do comportamento em estudo, por considerar o amolecimento

proporcional [36] e incorporar o coeficiente de amolecimento (§ ). Na versdo original do
RA-STM apenas era calculado o comportamento pré-pico da placa (&, <€),

correspondente a regiao ascendente da curva (Eq. 11), embora fosse possivel calcular
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também o comportamento poés-pico (&, >4¢,). A curva o—¢ da Eq.11 estd também

onfzHz] ] s

2

-1 (1D

representada na Figura 3.

o
e,

;-]Cck 1-
.|
¢

Diversos autores dedicaram-se a equacionar o coeficiente de amolecimento. A partir de

dados experimentais, Belarbi e Hsu [ 18] observaram que o referido coeficiente dependia

das deformacgoes decorrentes da tracdo principal no concreto (&), expresso

matematicamente conforme a Eq.12:

0,9 (12)

J1+600¢,

3.3.2 Armaduras submetidas a tracao

Segundo Hsu e Mo [35], a curva elasto-plastica perfeita, apresentada na Figura 4, preve

de forma satisfatoria a resisténcia ao cisalhamento de placas submetidas a esforcos de
membrana quando a resisténcia a tracao é desprezada ( 0, ), em adicao representa bem

comportamento a tracdo de uma barra de aco isolada.

S A

\Y
fS‘y DN

Figura 4 - Curva elasto-plastica perfeita para o ago.
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A curva pode ser descrita conforme a Eq.13, onde o modulo de elasticidade do acgo é

expresso por Eg, enquanto & representa a deformacio no aco e &, a deformacio de

escoamento. A tensdo no aco é representada por f,, e a tensio de escoamento é

representada por f, .

Ee¢g, ,c g, =—
STS 7 s T E, (13)

fsy , £ > &,

fs=

3.4 Carregamento proporcional

No carregamento proporcional a relacao entre os esforcos solicitantes se mantém
constantes, independente do estado de tensao que o elemento estrutural estd submetido.
As tensoes gerais de membrana aplicadas no elemento podem ser relacionadas com a
tensao principal de tracao do elemento, através da utilizacdo de constantes de

proporcionalidade.

A Figura 5 ilustra uma placa de concreto estrutural, submetido a tensdes gerais de
membrana, segundo a orientacdo dos eixos L-T. Adicionalmente ilustra as relacdes de
proporcionalidade entre as tensoes gerais de membrana e a tensdo principal de tracdo da
placa. Ilustra também os eixos principais para as tensodes solicitantes no elemento

estrutural, representados pelo sistema de coordenadas 1-2.

(@) (b) ©
Figura 5 — Relacoes entre as solicitagoes e a tensao principal de tracao na placa :

(a) Tensoes gerais de membrana, (b) Relagoes de proporcionalidade e (¢) Eixos ordenados 1-2.
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As tensoOes gerais de membrana sao representadas pelos parametros o, , o, e 7.,
enquanto a tensao principal de tracdo solicitante do elemento é descrita como o, e a
tensao principal de compressao solicitante por ¢,. As constantes de proporcionalidade

sao descritas por m,, m, e m,,.. O angulo ¢, relaciona os sistemas de coordenadas L-

Te 1-2, este angulo é invariavel diante do aumento proporcional das tensoes solicitantes

aplicados no elemento estrutural [35]. A semelhanca da consideracio feita anteriormente

ao angulo «, , a orientacao do sistema de coordenadas 1-2 pode ser definida pelo angulo

complementara, .

Os coeficientes de proporcionalidade entre os esforcos aplicados no elemento estrutural

e a tensao principal de tracdo podem ser relacionados através das Eqs.14-16:

o, (14)
m, =—-

O-l

o, (15)
m, =—"

Gl

T (16)
mLT :£

o

A utilizacao do Circulo de Mohr possibilita o calculo da tensdo principal de tracao

solicitante conforme a Eq.17:

2
+ —
JI:ULZGH\/(GL;T] +7 (17

Segundo Hsu e Mo [35], substituindo os coeficientes de proporcionalidade

anteriormente calculados nas Eqs.4-6, pode-se encontrar:
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m,o,—p, f, =0, cos’ (a,) (18)
m,o, - p, f, =c,sen’ (a,) (19)
m,,0, =—o, sen(a,)cos(a,) (20)

Multiplicando a Eq.18 pela Eq.19, elevando ao quadrado a Eq.20 e combinando os
resultados, pode-se obter a Eq.21:

(mLo] _poL)(mTo-l _prT):(mLTo-l )2 (21)

A Eq.21 pode ser solucionada através da Eq.22, onde os coeficientes H, B e C sao definidos

nas Eqs.23-25:

- (BeJFamC) @2)

H=mm,-m,’ (23)
B:mLprT +mT:0LfL (24)
C=p.frp. ], (25)

A Eq.22, apresentada por Hsu e Mo [35], tem grande relevancia para o RA-STM por
permitir o calculo da tensdo 0, em qualquer ponto estudado no comportamento carga-

deformacao da placa, somente com a utilizagdo dos coeficientes de proporcionalidade,

taxas de armadura e tensdes nos agos.
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3.5 Equacoes adicionais

Com recursos da trigonometria e das equacoes de compatibilidade (Eq.7), pode-se obter

o angulo «, através das deformacdes nos sistemas de coordenadas L-T e R-D, conforme

as Eqs.26-27:
& —&  £,—& (26)
senZ (aD ) — L D — R T
Er—¢&y &EpT&
&, —& E.—& 27N
COSZ (aD ) — R L — T D
Ep—=&p &Er—&p

Estas equacboes sao fundamentais para a estabilidade numérica do RA-STM, por

possibilitarem a eliminacao do angulo ¢, das equacoes de equilibrio. Encontrada a

solucdo, o angulo &, pode ser definido conforme a Eq.28:

L

&, —&,
T~ D (28)

a,, =arctan
&

3.6 Sistema de equacoes nao lineares

Adicionando as Egs.18 e 19 com as Eqs.27 e 28, respectivamente, e rearranjando as

equacoes pode-se obter a func¢ao residuo mostrada na Eq.29:

& —€

o L —m, o +p, f
. _ DgR_gD L LJL :{0} (29)
RA-STM
g, —€ 0
Op - . _mTo-]+prT
Er —&p

As leis constitutivas dos materiais impdem a nao linearidade das equacgoes contidas na

funcéo residuo F,, o, . As variaveis que atuam no procedimento de solucio sio as

~ . . . -3
deformacdes nos acos ¢, e &, definindo-se os seus valores por mil (107), de modo a

minimizar problemas de convergéncia.
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3.7 Algoritmo de soluc¢ao original

A Figura 6 ilustra o fluxograma do procedimento de solucao original do RA-STM, o
arranque do método interativo de calculo depende que sejam arbitrados valores para &,

e 0,, posteriormente verificados. A estimativa desses valores € inerente ao usuario do

algoritmo, com auséncia de uma metodologia clara.

A utilizacao da curva elasto-plastica perfeita como relacao constitutiva do aco, estabelece

ao usuario que deseja calcular mais de um ponto da curva carga-deformacao da placa, a

necessidade de alterar o valor designado para ¢,, e de garantir que o limite estipulado

por (&, ndo seja ultrapassado.

Esta técnica de tentativa e erro tende a encontrar a solucao, porém quando existe a
necessidade de demasiadas estimativas, o método perde eficiéncia e pode torna-se

inviavel.

Selecione um valor para &) [ge s

¥
Assuma um valor para £y [+

¥
Calcule: é' -Eqg.12

¥
Caicule: o, - Eq.11

¥
Assuma um valor para o, |e

v

Obter os valores de £; e &, com base

em oy cnilE.5)=0, Eq.29

¥
Calcule: £, - Eq.8
Caicule: o, -Eq.22

Os valores calculados de &, e

O, s&o proximos dos assumidos?

@y, - Eq.28
Cailcule: 7., -Eq.6
Yur - Eq.9

Figura 6 - Fluxograma do procedimento original: analise de placa de concreto estrutural.
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3.8 Algumas contribuicoes recentes ao RA-STM.

Desde a sua concepc¢ao na década de noventa do século passado [17,18,19], o RA-STM
vem sendo aprimorado por diversos autores, de modo a aproximar as previsoes
fornecidas pelo modelo ao comportamento real de placas de concreto estrutural sujeitas
ao cisalhamento. De entre os avancos recentes podem-se citar os trabalhos desenvolvidos

por Cerquido [39] e Lyrio [40] na Universidade da Beira Interior.

Baseado no procediemento proposto por Silva e Horowitz em 2015 [37] e Silva et al. em
2017 [38], Cerquido introduziu novas relacoes constitutivas para os materiais e alterou
os critérios de paragem impostos anteriormente [37]. Desse modo, o modelo foi capaz de

determinar o comportamento pos-pico das placas, sem a necessidade de considerar a

resisténcia ao cisalhamento do betao e nem o efeito de Poisson no estado pos- fissurado

[39].

Tendo também por base o algoritmo proposto por Siva e Horowitz em 2015 [37] e Silva
et al. em 2017 [38], Lyrio reviu as equacoes de equilibrio inicialmente estabelecidas para
o RA-STM [35] e complementou as relagoes constitutivas do aco com a participacao das
armaduras protendidas. Por conseguinte extendeu o procedimento para incluir a analise

de placas de concreto protendido [40].

Uma vez que os desenvolvimentos recentes anteriormente referidos servem de base para
o presente trabalho, detalhes das formulacbes e procedimentos de célculo sao
apresentados nos capitulos subsequentes, com as respetivas novas propostas de

desenvolvimento e aplicacao.
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This article presents a recent softened truss model with variable angle, namely the
refined RA-STM (Rotating-Angle Softened Truss Model), to model the behaviour of
structural concrete plates under pure shear. The equations of the model, as well
as the solution procedure, are summarized. Some predictions from the RA-STM are
also presented, discussed and compared with experimental results available in the
literature. It is shown that the refined RA-STM still needs to be refined. In addition, the
need to generalize the RA-STM for more general loading cases is also discussed as well
as the need to optimize the solution procedure in order to facilitate its computational
implementation.

It is a common practice in structural engineering to discretize complex structures as a
combination of simpler elements. As shown in Fig. 1(a), some structures can be idealized
as a set of two-dimensional structural concrete elements (panels, plates or membranes),
with the reinforcement rebars usually arranged in orthogonal directions. Such elements
are only subjected to in-plane stresses, which generate internal membrane forces, The
full behaviour of such elements can be predicted with softened truss models (STM)
considering rotating angles (RA) for the struts. Such models are called softened variable
angle truss models or rotating angle — soft truss models (RA-STM).

Simple computational tools can be created from such models, which can be very
useful to help for the design of structural concrete structures, namely to check the local
safety of membrane elements.

The implementation of these nonlinear models is usually made in computers by using
softwares with programming languages, such as MATLAB [1]. This allows to assess,
calibrate and modify such models more easily.

Benedito Filho, Luis Bernardo, and Bernardo Horowitz, (2020), “Softened Variable Angle Truss Model (RA-STM): Model
Description and Refinement/Optimization Proposals” in STARTCON19 - International Doctorate Students Conference + Lab Workshop in Civil
Engineering, KnE Engineering, pages 1-11. DOI 10185024
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The RA-STM model was proposed by Belarbi and Hsu in 1994 [2] and Pang and Hsu in
1995 [3]. Recently, this model has been refined by Silva and Horowitz in 2015 [4], Silva
in 2016 [5], Cerquido in 2017 [6] and Bernardo et al. in 2018 [7, 8.

The resistance mechanism of RA-STM is assumed to be a plane truss, in which
the concrete resists to compressive stresses and the reinforcement resists to tensile
stresses (Fig. 1(b)). The non-linear behaviour and the softening effect of concrete are
key features of this model. This model is based on the three Navier’s principles of
material mechanics, namely: stresses equilibrium, strains compatibility and constitutive
relationships for the materials.

RC element Concrete

Ly o,

§

%

~ ;g R
\

Concrete principal stresses (R-D) Reference axes (b)

Figure 1: Membrane elements to analyse concrete structures [5, 6].

In the RA-STM, the equations derived from the stresses equilibrium and strains
compatibility are obtained through the analysis of the Mohr’s circle for stresses (o)
and strains (¢), while the constitutive relationships for concrete and steel are assumed
and based on average ¢ — ¢ relationships experimentally calibrated and found in the
literature. For this reason, the relationship for concrete in compression (o, — €p) in
the principal direction of stresses has two main characteristics: a nonlinear relationship
between stresses and strains and the influence of the softening effect in concrete due to
transverse tensile stresses and diagonal cracking. For this latter, a softening coefficient
¢ is incorporated to the constitutive relationship for concrete, which is experimentally
calibrated and based on proposals that can be found in the literature.

2.1. Equations for RA-STM

Tables 1to 3 summarize the set of equations of RA-STM. Detalls about the derivation
of the presented equations for the original RA-STM and for reinforced concrete (RC)
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panels can be found in previous studies [2, 3, 5-7]. The meaning of all parameters can
be found in the notation list at the end of this article. Some parameters can also be

visualized in Fig. 1(b).

C
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Equilibrium equations (stresses)

prlt
o || prfr
L o} 0
[ cos? (ap) sin’ (ap) 2sin (ap) cos (ap)
sin’ (ap) cos’ (ay) - 2sin (ap) cos (ap)

cos” (ap) - sin’ (ap)

sin’ (ay) 2sin (ap) cos (ap)

sin? (a) cos? (ap) = 2sin(ap)cos (ay)

| —sin (ap) cos (ay) sin (ey)cos (@} cos’ {ay) —sin® (a;)

oL =0pC08" (ap) +p,f,

op =opsin’ (ap) + prfr

7 = —6psin (ap} cos (ap)

Compatibility equations (strains)

Op

Or

0

0 |

+

cos’ sin” (ap) 2sin (@) cos (ap)
sin’ cos (ap) = 2sin (ap) cos (ap)
-2sin (ap) cos ()  2sin(ay)cos(ay)  2cos’ (a,) —sin’ (x,)

€ +er=€pt+eg

= {ER —€p)sin (aD) cos (a‘D)

It should be noted that the initial estimates to initialize the solution procedure are

computed using the Mohr compatibility truss model (MCTM) [9].

2.2. Solution procedure

Based on recent works, which aimed to refine the RA-STM, an efficient algorithm was
successfully developed and proposed [4-7]. The associated flow chart is illustrated in
Fig. 2. This algorithm needs to be implemented in a computer. In previous studies,

STARTCON19
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MATLAB packages were used to implement the solution procedure [6, 7.
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TABLE 2: Constitutive relationships for the materials [5-7].

(12)

5,8

v fe(MPa)

R/ =

<0,9

Egeq foreg <e,

3. Comparative Analysis with Some Experimental Results

Table 4 presents the main properties of two RC panels tested under shear and found
in the literature [10, 11]. Some of the experimental results of these panels are compared
below with those computed with the refined RA-STM [6, 7).

_ PTny
poLy

Fig. 3 shows the ¢, — ¢/, curves for concrete in compression (in the principal direction
of compressive stresses) for panel VA1[10]. Two curves are presented, the experimental
one and the theoretical one computed from the refined RA-STM.

For the theoretical curve, a first stage with a quasi linear behaviour is observed. In
this stage, as the compressive stress increases the corresponding strain also increases
but at smaller rates. When the reinforcement yields, a strong nonlinear behaviour is
observed until the peak stress is reached. After this, the strains highly increase with
a small variation of the compressive stresses. The panel continues to behave in this
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TABLE 3: Set of equations for the refined RA-STM [5-7]

oy =myo, (19) o7 = mroy (20)

B =mypyfr—mppyfy (28)

‘Relations between stresses and strains
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way until the criterion which define the theoretical failure is reached (at least one of the
materials reach its conventional strain failure).
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Figure 2: Flow Chart,
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TABLE 4: Properties of tested RC panels under shear.
Concrete Steel
Longitudinal direction Transverse direction
Panel Reinforc. 5 Reinforc. *
-f:‘m 80 pf, f.lﬂ_\‘ lo'l‘ .ny 77
%o
(MP4)| ™ (MPA) (MPA)
VA1 [10] 95,1 2,45 0,012 10M@94 445 0,012 | 10M@9%4 445 1
mm* mm*
B2 [11] 441 235 | 00179 = 446 0,0119 2 463 0,69

again at smaller rates, until the yielding of the reinforcement. In the third stage the strains
highly increase and the compressive stress slowly decreases until failure is reached.

In general, the main features of the compressive concrete behaviour are well captured
by the theoretical model, as well as the peak stress of concrete. However, the theoretical
model is not able to predict the transition from the cracked stage to the uncracked stage.
This is because the refined RA-STM neglects the influence of concrete in tension in the
perpendicular direction to the principal compressive stresses (6, = 0, see Fig. 1 (b)),
The previous results show that concrete in tension is important to be considered for
low loading levels. In fact, the refined RA-STM considers that the plate is already fully
cracked since the beginning of the loading. This simplification constitutes a drawback
of the model, which needs to be solved because the transition from the cracked stage
to the uncracked stage is important to be correctly predicted in order to assess the
panel for loading services.

Fig. 4 shows the shear (r; ;) versus shear strain {y, ;) curves, both experimental and
theoretical, for panel B2 [11]. The dashed curve corresponds to the prediction from the
refined RA-STM, while the continuous curve corresponds to the original RA-STM from
Pang and Hsu in 1995 [11]. This latter accounts for the tensile strength of concrete,
in opposition to the refined RA-STM. Fig. 4 shows that the original RA-STM captures
better the behaviour of the panel for low loading levels. This shows the importance
for the model to include the influence of the concrete in tension. For the ultimate
stage, the refined RA-STM shows better agreement with the experiment curve. In Fig.
4, hoth versions of the theoretical model capture well another feature of panel B2.
This panel is not reinforced symmetrically (see parameter 5 in Table 3}, its transverse
reinforcement ratio is lesser that its longitudinal reinforcement ratio. For this reason,
both reinforcements (longitudinal and transverse) didn't yield for the same strain. This
is shown in the graphs by two distinct points for which it is possible to observe
two consecutive losses of stiffness, corresponding to the yielding of the transverse
reinforcement (firstly) and longitudinal reinforcement (latter). This shows that RA-STM
model is able to capture well the nonlinear behaviour under shear of asymmetrically
reinforced panels.
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Figure 3: Comparison between o, — €}, curves for panel VA1[10].
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Figure 4. Comparison between 7;; — ¥,, Curves for panel B2 [11].
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The previously presented results, related with panels VA1 and B2, generally show that
the refined RA-STM is able to capture well the general features of panels under shear,
namely for the ultimate stage. Additional examples with other panels under shear can
be found in previous studies [6, 7], including for prestressed panels [8].

As referred before, the refined RA-STM neglects the influence of concrete in tension
in the perpendicular direction to the principal compressive stresses. This drawback
needs to be solved because the transition from the cracked stage to the uncracked
stage needs to be correctly predicted. This is because current codes of practice impose
to assess structural members for both the ultimate and service loading. For this latter, it
is important to check the cracking load, as well as the stress state in the materials and
the stiffness of the member after cracking.

The previous discussion only involved the behaviour of panels under shear. However,
other loading conditions, such as axial stresses (combined or not with shear stresses)
are common in structures (see Fig. 1(a)). Few previous studies using RA-STM are focused
on such condition loadings. Some of them show that RA-STM still do not capture the
real behaviour of such panels and numerical problems are observed, which are mainly
related with errors in the convergence criteria [6]. This shows that the RA-STM model still
needs to be improved and generalized to other and more realistic loading conditions.

Finally, the intrinsic nonlinear feature of the RA-STM leads to a complex soluticn
procedure, as previously shown. This preblem can probably be minimized if the set of
equations are rewritten using other criteria, such as the energetic ones. Many problems
in physics are more easily formulated if they are based on energetic criteria, regardless
of how they are applied (minimization of the potential energy or principle of virtual work
for static or pseudo-static systems, least action principle for dynamics systems, etc).
The application of energetic criteria to establish the solution procedure for the RA-STM
is still an open issue.

The previous discussion shows that the refined RA-STM still need further develop-
ments.

This article presented a recent softened truss model with variable angle, namely the
refined RA-STM, to model the behaviour of structural concrete membranes under pure
shear. The equations, as well as the solution procedure of the model, were summarily
presented. Some predictions from the refined RA-STM, related to panels tested under
shear, were also presented and compared with the corresponding experimental results
which were found in the literature, From the comparative analysis, it was shown that
the general features of RC panels under shear are well captured by the refined RA-
STM, namely for the ultimate stage. For low loading conditions, the need to refine
the model was also shown. In addition, some ideas were discussed in order to justify
future developments for the refined RA-STM. Such developments constitute the main
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objectives for the Ph.D. project of the first author, which include specifically the following
ones:

- to unify the refined RA-STM for reinforced concrete and prestressed concrete
membranes;

- to consider the influence of concrete in tension in the refined RA-STM through
the incorporation of an additional average constitutive relationship in the calculation
procedure;

- to generalize the refined RA-STM to other loading conditions, including shear
combined with axial forces and also cyclic loading;

- to optimize and simplify the calculation procedure of the refined RA-STM by using
energetic criteria.

Finally, it should be referred that experimental data related with structural concrete
membranes are still scarce and are not sufficient to fully assess the reliability of the
refined RA-STM. For this reason, additional numerical results based on calibrated models
using FEM will certainly be useful.

E, =Young’s modulus for steel
Fyorm = residual function for MCTM
Fra_sra = residual function for RA-STM
flf +f., = uniaxial compressive strength of concrete
/., =tensile strength of concrete
f; =tensile stress in the longitudinal reinforcement
1, = Yielding stress of the longitudinal reinforcement
f5 = average tensile stress in the steel bars
[, yielding stress of the steel bars
[ =tensile stress in the transverse reinforcement
fry = yielding stress of the transverse reinforcement
k = umber of solution points
m; = longitudinal proportionality coefficient
my ¢ = shear proportionality coefficient
my = transverse proportionality coefficient
Nmayx = Maximum number of solution points
ap = angle of the principal compressive stresses in the concrete membrane element
ap = angle of the principal tensile stresses in the concrete membrane element
€ = strain correspondent to the peak stress
€, = Ultimate strain for concrete in compression
€, = average strain in the steel bars
€, = yielding strain of the steel bars

€p = principal average compressive strain
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¢, = longitudinal average strain

€ = principal average tensile strain

ep = transversal average strain

;7= average shear strain { = softening coefficient

p, = longitudinal reinforcement ratio

pr = transverse reinforcement ratio

o, = principal tensile stress in the RC membrane element

op = principal compressive strain in the concrete membrane element
o; = longitudinal normal stress in the RC membrane element

;= longitudinal normal stress in the concrete membrane element
oy = principal tensile strain in the concrete membrane element

oy = transverse normal stress in the RC membrane element

oy = transverse normal stress in the concrete membrane element T shear stress
7,1 = shear stress in the RC membrane element

Tir = shear stress in the concrete membrane element
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ARTICLE INFO ABSTRACT

In a previous study, a new and numerically efficient solution procedure for the rotating-angle softened truss
model (RA-STM) was proposed to compute the ultimate behavior or reinforced concrete (RC) membrane ele-
ments. In such new calculation procedure, the tensile stresses in concrete were neglected for simplicity. In this
article, the cfficient RA-STM procedure is refined in order to incorporate the contribution of the tensile stresses
in concrete. The equations of the refined model are reformulated in order to incorporate this additional con-
tribution and an appropriate smeared stress-strain relationship for tensile concrete is implemented. In addition,
the new solution procedure is also presented. The refined efficient RA-STM procedure proposed in this study is
able to predict the full behavior of RC membrane elements under in-plane stresses, including for both low and
high loading stages, with high numerical efficiency and stability. The predictions obtained from the model are
compared with the experimental results of tested RC panels found in the literature, where good agreement is
observed, namely for the cracking load, stiffness after cracking and strength.

Keywords:

RA-STM

Efficient solution procedure
Membrane elements
Reinforced concrete
Tensile conerete

1. Introduction

Simpler analytical models are always desirable and can be very
useful to analyze and understand the behavior of reinforced concrete
(RC) structures. Among the several structural components, many of
them (for instance, plates and shear walls) are mainly designed for in-
plane stress states. For their analysis, these components can be con-
sidered as the union of small two-dimensional (2D) RC membrane
elements. This simplification allows to use simpler models [1].

During the last decades, truss models have proven to be suitable to
predict the behavior of RC members and understand the role of the
different materials in the cracked stage. From the original simple truss
models proposed in the very beginning of last century [2,3], several
developments have been made to allow the truss models to predict even
more accurately the behavior of RC members. Among such develop-
ments, some of the modern truss models treat the structural member as
a continuous material, even in the cracked stage. By using appropriate
smeared constitutive laws for the materials, which are calibrated along
a sufficient length of the member to include several cracks, such truss
models allow to compute average values for both the stresses and
strains, instead of evaluating them locally. It should be noted that
smeared analyses in concrete members have been successfully used in

previous studies to approach in average the behavior of such members,
including to develop reliable and efficient numerical methods for con-
crete members under shear and torsion [4-6].

Among several studies from different authors who proposed refined
truss models in the second half of last century, some relevant con-
tributions are worthy to be mentioned. In 1972, Elfgren [7] extended
the first simpler truss models for RC members under shear and torsion
for the case of more complex loadings. Few years later, Nielsen in 1967
[8] and Lampert and Thurlimann [9] in 1968 derived the fundamental
equations from equilibrium by using the theory of plasticity for RC
members under shear (called the plasticity truss model). Collins in 1973
[10] derived the fundamental equations from compatibility by using
geometric relationships and Mohr’s circle for strains for RC members
under shear (called the Mohr Compatibility Truss Model - MCTM). In
1968 Robison and Demorieux [11] experimentally observed for the first
time the so-called softening effect in the compressive concrete in the
struts by testing RC panels under shear. Based on the previous experi-
mental results, Vecchio and Collins in 1982 [12] proposed an equation
to quantify a softening coefficient to correct the uniaxial stress () -
strain (¢) relationship for concrete in compression to be used in the truss
models and developed the so-called Compression Field Theory (CFT).
This model was refined in 1986 by Vecchio and Collins [13] by
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Notation

w coefficient of variation

E, Young’s modulus for concrete

Eg Young’s modulus for steel

r uniaxial compressive strength of concrete

i tensile strength of concrete

I tensile stress in the longitudinal reinforcement

fiy uniaxial yielding stress of the longitudinal reinforcement

fs average tensile stress in the steel bars

s uniaxial yielding stress for steel

Ty tensile stress in the transverse reinforcement

Iy uniaxial yielding stress of the transverse reinforcement
index of the step

ks shear stiffness in the cracked stage

ks exp experimental shear stiffness in the cracked stage

ks theoretical shear stiffness in the cracked stage

m, longitudinal proportionality coefficient

myy shear proportionality coefficient

my transverse proportionality coefficient

RFY]_ ., first residual function for the efficient RA-STM procedure
RFY)_g,; second residual function for the efficient RA-STM proce-

dure

RFpapr  residual function for the initial estimates

5 standard deviation

X mean

o angle of the principal compressive stresses in the RC
membrane element

ap angle of the principal compressive stress in the concrete
membrane element

Aep path increment forg;,

€ strain

& strain corresponding to the concrete compressive peak
stress

Eor strain corresponding to the tensile strength of concrete

Sy ultimate strain for concrete in compression

& principal average compressive strain

g, longitudinal average strain

&y yielding strain for the longitudinal reinforcement

& principal average tensile strain

& average strain in the steel bars

&y yielding strain for steel

& transverse average strain

&y yielding strain for the transverse reinforcement

Y shear strain

Yir average shear sirain in the L-T coordinate system

% shear strain corresponding to the shear strength

Y experimental shear strain corresponding to the shear
strength

Yot theoretical shear strain corresponding to the shear
strength

¢ softening coefficient

oy longitudinal reinforcement ratio

Pr transverse reinforcement ratio

g stress

a principal tensile stress in the RC membrane element

a principal compressive stress in the RC membrane element

an principal compressive stress in the concrete membrane
element

ar longitudinal normal stress in the RC membrane element

of longitudinal normal stress in the concrete membrane ele-
ment

Ty principal tensile stress in the concrete membrane element

oy transverse normal stress in the RC membrane element

af transverse normal stress in the concrete membrane ele-
ment

T cracking shear stress

T experimental cracking shear stress

Ttk theoretical cracking shear stress

Iy shear stress in the RC membrane element in the L-T co-
ordinate system

iy shear stress in the concrete membrane element in the L-T
coordinate system

T shear strength stress

Tuop experimental shear strength stress

Tuth theoretical shear strength stress

incorporating the influence of the tensile stresses in concrete and also
new g — ¢ relationships for the materials (called the Modified Com-
pression-Field Theory - MCFT). Based on new experimental results for
RC panels performed at the University of Houston, Hsu in 1988 [14]
developed the Softened Truss Model (STM). Later, this model was
modified and renamed as Rotating-Angle Softened Truss Model (RA-
STM) [15] to account that, as a result of the internal redistribution of
stresses and compatibility conditions after cracking, the direction of the
principal compressive stresses in the concrete member rotates, being no
longer equal to the direction of the first cracks, Further developments of
the RA-STM include the incorporation of refined smeared o - ¢ re-
lationships for compressive concrete [16] and for tensile steel reinfor-
cing bars, including the stiffening effect [17] and also the dowel action
[18]. Pang and Hsu in 1996 [19] and Hsu and Zhang in 1997 [20]
considered the reference frame to write the equations at a fixed angle.
This one was considered equal to the angle of the principal directions of
the external stresses applied to the RC member, which is constant for
proportional loading. This new approach allowed to incorporate the
shear effect in the concrete member and a new shear (r) - shear strain
(y) relationship for concrete was implemented. The new model was
called Fixed-Angle Softened Truss Model (FA-STM). This model was
refined by Hsu and Zhu in 2002 [21] in order to better predict the post-
peak behavior of RC membranes. For this, the so-called Hsu/Zhu ratios
where proposed to account for the Poisson’s effect and incorporated in

the model, which was renamed as Softened Membrane Model (SMM).

To compute the behavior of RC membrane elements under in-plane
stresses, the calculation procedure of all the previous models is based
on a trial-and-error technique and requires a large number of initial
estimates. Such calculation procedures may require a large calculation
effort and also can lose numerical efficiency, mainly for the truss
models which are analytically more complicated.

When compared with the FA-STM and SMM, it is recognized that
the RA-STM is a simpler model. For this reason, in recent studies an
alternative and more efficient calculation procedure has been proposed
for the RA-STM [22-25]. For this, the problem was formulated as a
system of nonlinear equations with constraints. These equations are
solved efficiently by using optimization algorithms which can be found
in commercial software packages. This new calculation procedure,
called here efficient RA-STM procedure, presents the following ad-
vantages: it avoids using a trial-and-error technique, it is numerically
more efficient and it requires much less computational calculation ef-
fort. In addition, to improve the predictions from the efficient RA-STM
procedure, Bernardo et al. in 2018 [25] also implemented a set of more
appropriate smeared ¢ - ¢ relationships for the materials.

In the previously referred studies [22-25], for simplicity the con-
tribution of tensile stresses in concrete was neglected in the efficient
RA-STM procedure. For this reason, when compared with experimental
results related with RC membrane elements under in-plane stresses, the
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predictions from the efficient RA-STM procedure showed good agree-
ment only for the ultimate stage, namely for the strength. The model is
still not able to predict well the behavior of RC membrane elements for
low loading stages. This constitutes a drawback because, as stated in the
design codes, structural members must be checked for both the ultimate
(high loading stages) and serviceability {low loading stages) limit
states. Hence, theoretical models must also be reliable in predicting the
behavior for low loading stages.

In this article, the efficient RA-STM procedure is refined in order to
incorporate the contribution of the tensile stresses in concrete. For this,
the refined model incorporates the tensile concrete in the perpendicular
direction of the concrete struts. To model the behavior of the tensile
concrete, an additional and appropriate smeared and non-linear o - ¢
relationship for concrete in tension is implemented, which was pro-
posed in previous studies. The reformulation of the equations for the
refined efficient RA-STM procedure and the new solution procedure are
presented. The predictions obtained from the refined efficient RA-STM
procedure are compared with the experimental results of tested RC
panels found in the literature. It is showed that the proposed model is
able to predict, with high numerical efficiency and stability, the full
behavior of RC membrane elements under in-plane stresses, including
for both low and high loading stages, namely the cracking load, stiffness
after cracking and strength.

2. Efficient RA-STM procedure with concrete in tension

The efficient RA-STM procedure is refined in order to incorporate
the contribution of concrete in tension. To present the refined model
and the corresponding solution procedure, the presented steps follow
the same general ones presented in previous studies where the RA-STM
was the used model [15,25].

2.1. Equations from equilibrium conditions

Fig. 1. illustrates how a 2D RC membrane element under in-plane

Engineering Struetures 213 (2020) 110552

is neglected for simplicity [15]. In Fig. 1, g, (p;) is the longitudinal
(transverse) reinforcement ratio, while f; (f;) is the tensile normal
stress in the longitudinal (transverse) steel bars. The L-T coordinate
system is defined from the direction of the longitudinal (L) and trans-
verse (T) steel bars. As considered in the original version for the RA-
STM, perfect bond is assumed between steel bars and concrete [15].
From Fig. 1, and based on the previous assumptions, the following 3
equilibrium equaticns can be stated:

a.=a+pf; 09)
oy =01 + pyfy (2)
Ty = g 3

The stress components in the concrete member (g, of and zf;) can
be related with its principal stresses (; and o;,) and the variable angle
ap between the coordinate systems L-T and R-D (see Fig. 1) by using
geometrical relations from the Mohr’s circle for stresses [15,25]. Eq. (1)
to (3) can be rewritten as:

g, = cos*(ap)op + sin(ap)ap + o, )
or = sin’(ap)ap + cos*(ap) g + orfy 5)
1y = sin(ap)eos (o) (o — op) ®

In the previous equations, the principal tensile stress in concrete (g;)
is no longer neglected, as it was previously assumed in previous studies
[22-25].

2.2. Equations from compatibility conditions

As for the stresses, and by using the Mohr’s circle for strains, the
average strain components (g, & and y,) can be related with the
principal strains (¢ and ¢) and the variable angle aj, between the co-
ordinate systems L-T and R-D [15,25]. This leads to the following 3
compatibility equations

stresses (a;, or and 7 7) can be divided as the contribution of a concrete g, = cos?(ap)ey + sin(ap)ey (7)
member under in-plane stresses (of, o and 7{;) and steel reinforcing . ;
bars only under tensile stresses (p,f, and p,f,) because the dowel action & = Sin“(an)ep + cos*(ap)er ®
I T
P fi o
5 it i,
pa ) i = o SRR =
TR = L = = & = fr= L
= === T = =— = 5 fi=—
-— o el = =P = =0
= dl= = =L =14 i
HIHHH HEHH I
Concrete member Steel reinforcing bars RC membrane element
It
D |
01{\\\
@ N 7
7 N
4 N\ A
™ 2«
/;’ -
7,
7
)

Concrete member - Principal stresses

RC membrane element
Principal applied stresses

Fig. 1. 2D RC membrane element under in-planc stresses,
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¥y = 2sin(erp) cos(an) (g = en) 9)

In addition, the trace of the strain tensors (also called the first in-
variant) in both L-T and R-D coordinate systems can be equalized to
write the following invariant equation:

g+ea=g+a (10)

2.3. Smeared constitutive relationships for the materials

To model the behavior of concrete in compression in the struts, the
same smeared and nonlinear o — ¢ softened relationship used and jus-
tified by Bernardo et al. in 2018 [25] and given by Eq. (11) was adopted
for the refined efficient RA-STM procedure. This constitutive law (see
Fig. 2) was proposed by Zhu et al. in 2001 [26] and calibrated from
experimental tests with RC membranes under biaxial tensile-compres-
sive stresses. In Eq. (11), f is the uniaxial concrete compressive
strength, ¢, is the strain corresponding to the peak stress and ¢ is a
softening coefficient given in Eq. (12), which was proposed by Zhang
and Hsu in 1998 [27]. This softening coefficient was calibrated to ac-
count for both the ratio of the transverse to the longitudinal re-
inforcement stresses (Eq. (13)) and for high-strength concretes (condi-
tion limit in Eq. (12)). In Eq. (13), -ﬁ._v { fi:v) is the yielding stress for the
longitudinal (transverse) reinforcement.

ap = ' 2/ &) = e/l ¥] i /< e
=1 [1 - (EJ"‘C%%'II)L] if e/¢> g

400¢, -
o)
n

4

(1)

58

X ming ———; 09
[Jf’L.(MPa) ] (12)

= P]’f‘ry =g
Pufiy — 4 (13)
7=7ifp<1
=1 ifp>1 (14)

To model the behavier of steel bars in tension embedded in con-
crete, the same smeared and bilinear ¢ — ¢ stiffened relationship used
and justified by Bernardo et al. in 2018 [25] and given by Eq. (15) was
adopted for the refined efficient RA-STM procedure. This constitutive
law (see Fig. 2) was proposed by Jeng and Hsu in 2009 [28] as a
simplification of the nonlinear relationship from Belarbi and Hsu in
1994 [17]. The used constitutive law neglecis the dowel action in the
steel bars for simplicity. This effect was found by Hsu and Zhu in 2002
[21] to be not so relevant.

Engineering Structures 213 (2020} 110552

f_} = E_§€§ if-.’\\ ES & = (0.93 = ZB)Egy
f; =5,/ 091 = 2B + (0.02 + 025B)sg/eg)| if s > & = (093 - 2B)z

(15)
B= (o), lfe )" (16)

In Eq. (15) and (16) the meaning of parameters are: f; (g5) is the
average tensile stress (strain) in the steel bars, f\} (eg,) is the yielding
stress (strain) for steel (subscript § is substituted by L and T for long-
itudinal and transverse reinforcement, respectively), Es is the Young's
Modulus for steel and f, is the tensile strength of concrete (see Eq.
(19)).

In addition to the previous constitutive laws, an additional one
needs to be incorporated to model the behavior of concrete in tension in
the perpendicular direction to the struts. This is because the refined
efficient RA-STM procedure proposed in this study includes the tensile
stresses in concrete, In this study, the smeared and nonlinear o —¢
relationship for tensile concrete proposed by Belarbi and Hsu in 1994
[17] for shear members was used (Eq. (17) to (19), see Fig. 2). This
relationship was successfully used in previous models to compute the
behavior of RC membrane elements under shear, accounting for the
tensile concrete [18,21,27].

op = Ecgp it g < g = 0.00008
o =, (o le)** ifey > e, = 0.00008 a7

E, = 3875,f, (MPa) 18)
fy = Eetw = 0311f' (MPa) (19)

In the previous equations, E, is the Young's Modulus for concrete
and ¢, is the tensile strain corresponding to the peak stress (f,).

2.4. Equations for the loading condition

For a RC membrane element under in-plane stresses, the most
common loading condition in practice and also in experiments is the
one for which the ratio between the external stresses remains constant
through all the loading history. Hence, only proportional loading con-
dition was considered in this study. In this case, the applied (external)
stresses in the RC membrane can be related to the principal tensile
stress (g;) in the 1-2 coordinate system (direction of principal applied
stresses, see Fig. 1 where &, is the angle between the L-T and 1-2 co-
ordinate systems) through proportionality coefficients which remain
constant, namely: longitudinal (m;), transverse (m;) and shear (m;;)
proportionality coefficients (Eq. (20) to (22)).

my, = G/a) (20)

HH

Or 4\ = =
517 = =
& g, e | ‘ = =
< — : — > A HHHIHN
i Conerete in confpression /| & Concrete intension ~ &x
! &
2 5
///// s T Steel bars in tension
Y, >
"2/ Vo’ & &y

Fig. 2. Smeared constitutive relationships for the materials.
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Fig. 3. Flowchart of the developed algorithm,

my = arlay (21)
myr = 7rlG (22)

Substituting g, o, and 7, from Eq. (20) to (22) into Eq. (4) to (6)
gives:

m,o — pif;, = cos*(an)ap + sin*(ap)o (23)
mycy = prfy = sin’(ep)op + cos™(ap)ar (24)
myra; = sin(op)cos (ap)(or = ap) (25)

Some auxiliary equations need to be derived. Using

sin(ety) + cos?(ary) = 1, Eq. (23) and (24) can be rewritten as the aux-
iliary Eq. (a) and (b), respectively. Multiplying Eq. (a) and (b) member
by member gives the auxiliary Eq. (c). Squaring both members of Eq.
(25) gives the auxiliary Eq. (d). Eq. (23) to (25) can be combined by
equating the left members of Eq. (c) and (d), which gives Eq. (e). After
expanding Eq. (e) and rearranging terms, and considering o, as the in-
dependent variable, a quadratic equation can be written (Eq. (f)):

-my,oy + o + 0, f;, = costap)ox — o) (a)
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- oy + op + prfy = sind(ap)(ox = op) (b)

(- muo + g + 0., )( - meoy + a + p,f;) = cos*(ap)sin®(ey ) (op — ap )

@]

(myyor)* = sin’(ap)eos? (o) = 0p)? (d

(- mo + g+ p.f)( - Mg + g + prfy) = (myy ) (e)
(mpnty = myp?)o? + [ - my (o + opfy) — mr(or + of o +

(or + prfp)or + pfy) = 0 [6)

For the quadratic Eq, (f), a solution equation can be written for g, as
follows:

B Fowac

4l

24 (26)
A = mpmy — myy? 27)
B =my(or + prfy) + mplar + o,f;) (28)
C'= (o + pofy Yo + £ 29

Finally, from Fig. 1 and from the Mohfs circle for stresses, the
principal tensile stress ¢ in the RC membrane element can be easily
related with the stresses in the L-T coordinate by the following useful
equation:

g = O.S(UL + U’J‘) + (DS(UL = U"[DZ + T”'Z (30]

2.5. Additional equations

To compute the principal compressive stress in the concrete member
(see Fig. 1), Eq.(25) is solved for gp, giving the following equation:
myr

op = 0p = —————(F
PR o) cos(ap) (31)

Substituting Eq. (31) in to Eq. (23) and (24) and solving for the
tensile stresses in the longitudinal (f,) and transverse (f;) reinforce-
ment, respectively, gives Eq. (32) and (33):

my, + gy cot(a; [
f, = L+ My (n)g]__«

P e, (32)

my + my g tan (o g

f = T+ My (D)gl__R
Py Py (33)
To write the variable angle a, as function of the strains in the L-T
and R-D coordinate systems, the trigonometric identity

sin*(ap) + cos*(ap) = 1 s firstly inserted in both Eq. (7) and (8), giving
Eq. (34) and (35). The variable angle &, is computed from Eq. (36),
which is obtained dividing Eq. (34) by Eq. (35).

G-

sin(ap) = | 2—=2
Ep—¢&p (34)

& —&p

coslap) = |J—
(e) ‘J &= Ep (35)

&= &

tan(ap) = il ]
N PP (36)

2.6. Equations for the residual functions

The chosen initial estimates to start the calculation procedure are
the strains ¢, &, and &. To compute the initial estimates for these
strains, a simple elastic truss model is idealized. For this, Hooké’s laws
for concrete (o = E.¢n) and steel bars (f, = Eyq, and f; = E,q) are
substituted into Eq. (31) to (33) which are then solved for the strains. At
this stage and for simplicity, the tensile stress in concrete is neglected
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Table 1
Properties of selected panels.
Panel i for E & E Es o Ty ey Pr Iy ey )
MPa MPa GPa *107? x10 * GPa MPa %1072 MPa %107° -
VAOQ [27] 98.9 31 385 240 2.8 200 0.006 445 223 0.006 445 223 45
VAL [27] 95.1 3.0 378 245 2.8 200 0.0120 445 223 0.0120 445 223 45
VA2 [27] 98.2 3.1 384 2.50 2.8 200 0.0239 409 2,05 0.0239 409 2.05 45
VA3 [27] 94.6 3.0 377 245 2.8 200 0.0359 455 228 0.0359 455 2.28 45
VA4 [27 103.1 32 39.3 2.35 2.8 200 0.0524 470 2.35 0.0524 470 235 45
VB1 [27] 98.2 31 384 2.50 28 200 0.0239 409 2,05 0.0120 445 223 45
VB2 [27] 97.6 31 383 245 28 200 0.0359 455 228 0.0120 445 223 45
VB3 [27] 102.3 31 39.2 2.35 2.8 200 0.0598 470 2.35 0.0120 445 223 45
VB4 [27] 96.9 31 381 2.30 28 200 0.0180 455 228 0.0060 445 223 45
AlR [21] 422 20 252 213 3.50 200 0.0077 445 223 0.0077 445 2.23 45
A2 [18] 41.2 2.0 249 210 3.50 200 0.0119 463 232 0.0119 463 232 45
A3 [18] 41.6 2.0 25.0 1.94 3.50 200 0.0179 446 223 0.0179 446 223 45
A4 [18] 42.5 2.0 25.3 2.20 3.50 200 0.0298 470 2.35 0.0298 470 2.35 45
B1 [18] 45.2 21 26.1 215 3.50 200 0.0119 463 232 0.0060 445 223 45
B2 [18] 44.1 2.1 257 2.35 3.50 200 0.0179 446 223 0.0119 463 232 45
B3 [18] 449 21 26.0 215 3.50 200 0.0179 446 223 0.0060 445 223 45
B4 [18] 4.7 21 259 2.05 3.50 200 0.0298 470 2.35 0.0060 445 223 45
B5 [18] 42.8 20 254 2.20 3.50 200 0.0298 470 235 0.0119 463 2.32 45
B6 [18] 43.0 2.0 25.4 2.20 3.50 200 0.0298 470 2.35 0.0179 446 2.23 45
F2 [31] 40.1 2.0 245 2.20 3.50 193 0.0127 446 231 0.0042 445 231 90
F3 [31 42.6 20 25.3 2.00 3.50 193 0.0127 446 231 0.0042 445 2.31 90
T4 [31] 41.9 2.0 251 2.20 3.50 193 0.0127 446 231 0.0042 445 231 90

RRRRRRRRY

ARERRARARN

VA-, VB-, A- and B-series

Pritttttitt

I-series

Fig, 4. Selected RC pancls: direction of applicd stresses and reinforcement direction,

(ox = 0) to compute the initial estimates,

—Hlg

) = ——
“ E, sin(z) cos(ap) . (37)
o (mr + myreot(ap))oy

Espy (38)
s (mr + myrtan(ap))a

Esp, (39)

From Egq. (36), a nonlinear residual function (RFsyagr, Eq. (40)) can
be written as function of the strains given by Eq. (37) to (39). The angle
ap which numerically minimizes this residual function, and the corre-
sponding initial values for the strains, are used to start the calculations
of the refined efficient RA-STM procedure.

-9
REsripr = - tan*(ap) = 0
&=

(40)

To derive two nonlinear residual functions for the refined efficient
RA-STM procedure, the following steps are performed. Firstly, Eq. (23)
and (35) are added. Then Eq. (34) and (35) are substituted in the re-
sulting equation. After arranging terms, the first residual function for
the efficient RA-STM procedure is obtained (RFY) ;). The second

residual function (RFY_g,,,) is derived in a similar way by adding Eq.
(25) and (34), substituting Eq. (34) and (35) and arranging terms.

RFY =g, Lo _ g+ =0
RA-stM = O o i af;
RF oy = =2 4 g "% gy 4 o, f, = 0
RA-st = Oy T T Ok T 101+ Prly (41)

Eq. (41) is a system of two nonlinear equations which are numeri-
cally solved to compute the strains ¢ and & which minimize both the
residual functions.

3. Algorithm for the refined efficient RA-STM procedure

Based on the equations presented in the previous section, an algo-
rithm to compute the numerical solution points for the refined efficient
RA-STM procedure was developed and implemented in a computer. The
flowchart for the developed algorithm is presented in Fig. 3. The cal-
culation procedure starts with some data entry, namely the mechanical
properties of the materials, the ratio of longitudinal and transverse
reinforcement, the relative values for the loading stresses and the
chosen path increment for the principal compressive strain (Aep). Then,
the initial estimates are computed by minimizing the residual function
RFgpapy and the starting values for g}, ¢ and ¢ are obtained to compute

50
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Fig. 5. 1y — ¥, curves for pancls from VA-series [27].

the first solution point (with index k = 1). After this, the strain ¢ is
incremented by Agy, in each step and the solution points are computed
by minimizing both the residual functions RESY_¢y, and RFE_ . For
each step, the initial point is considered to be the solution point from
the previous step. This calculation procedure holds until the ultimate
value specified for the concrete in compression (¢, see Table 1), which
was computed from Eurocode 2 procedures [29], is reached ().

The algorithm was implemented with MATLAB [30] and the least
squares method was used to minimize the residual functions by using
the function Isgnonlin.

4, Validation of the refined efficient RA-STM procedure

The predictions from the refined efficient RA-STM procedure are
compared with the experimental results of 22 reference square RC pa-
nels (with dimensions 139.7 x 139.7 x 17.8 cm, except for panel VA4
with thickness 20.3 cm) tested under in-plane stresses and found in the
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literature. Table 1 summarizes the properties of the selected panels. It
should be referred that the experimental database used in this study
was expanded in comparison to the same cne (with 18 selected panels)
used by Bernardo et al. in 2018 [25] to validate the previous version of
the efficient RA-STM procedure.

All panels from VA-, VB-, A- and B-series were tested under sym-
metrical biaxial stresses in the 1-2 coordinate system with steel bars
oriented at 45° to the principal compressive stress (a; = 45°, see
Fig. 4). The ratios of the compressive stress to the tensile stress in the
1-2 coordinate system is (-1) for all panels. As a consequence, these
panels were tested under pure shear in the L-T coordinate system
@.=0r=0).

The panels from F-series were tested under asymmetrical biaxial
stresses in the L-T coordinate system with steel bars oriented at 90° to
the principal compressive stress (a; = 90°, see Fig. 4). The ratio of the
compressive stress to the tensile stress in the L-T coordinate system are
(-2), (-3) and (-4) for panels F2, F3 and F4, respectively.
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The predicted full behavior of the selected panels was calculated
with the refined efficient RA-STM procedure. Figs. 5 to 8 present graphs
with the 7y — ,; curves of panels from VA-, VB-, A- and B-series, re-
spectively. Each graph includes 3 curves: the experimental curve
(“exp.”) and two theoretical curves, one computed with the refined
efficient RA-STM procedure (“Eff. RA_STM”) proposed in this study and
the other one from the RA-STM (“RA-STM") using the original calcu-
lation procedure with trial-and-error technique for comparison. Both
experimental and theoretical curves from the original RA-STM were
drawn from the graphs presented by the authors in their articles,
namely: Zhang and Hsu in 1998 [27] for panels from VA- and VB-
series, Hsu and Zhu in 2002 [21] for panel AIR and Pang and Hsu in
1995 [18] for panels from A- and B- series.

For panels from F-series, the presented experimental r — y curves by
Hsu and Zhang in 1996 [31] were obtained for an inclined direction of
45’ to the L-T coordinate system. The behavior of the referred panels
must then be computed in such direction. For this, an equivalent
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applied stress state in the rotated direction was computed from Mohr’s
circle for stresses. The corresponding coordinate system is called [T, In
addition, equivalent reinforcement ratios were computed for the [-T
coordinate system. Fig. 9 presents the 7.7 - yy- curves of panels from
F-series.

Figs. 5 to 9 show that, in general, the global behavior of the tested
panels is well captured by the refined efficient RA-STM procedure, in-
cluding the transition from the uncracked to the cracked stage (unlike
the previous not refined model [22-25] which showed to capture well
only the ultimate stage). Also, for most of the panels the predictions
from the refined efficient RA-STM procedure are generally in good
agreement with the same ones from the original RA-STM. Nevertheless,
some differences can be observed, namely for the ultimate stage and
mainly for panels with lower reinforcement ratios. This is probably
because different constitutive laws where used in this study, namely for
steel reinforcement. For some panels, such as panels VB2, VB3, VB4, B3,
B4 and F3, the final part of the 77—y, curves from the refined
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Table 2
Comparative analysis between experimental and predicted key parameters.
MPa MPa o, th MPa MPa kS MPa MPa T dh x 10" %107 W th
VAO [27] 2.05 172 1.19 0.409  0.590 0.69 3.80 3.70 1.03 49.50 59.33 0.83
VAL [27] 200 1.98 1.01 0770 0.993 0.78 6.30 6.41 0.98 42.90 48.34 0.89
VA2 [27] 2.60 235 1.10 1586  1.925 0.82 9.80 9.91 0.99 21.80 19.77 1.10
VA3 [27] 270 2.45 1.10 2568 2715 0.95 15.00 1536 0.98 7.00 6.96 1.01
VA4 [27] 2,50 269 0.93 3.221 3.732 0.86 21.50 18.33 117 7.30 497 1.47
VB1 [27] 295 211 1.40 1075  1.343 0.80 7.50 7.33 1.02 2243 18.81 1.19
VB2 (271 170 2,35 0.72 1184 1.659 0.71 9.18 8.35 1.10 11.28 7.08 1.59
VB3 [27] 2.00 2.44 (.82 1.722 2.032 0.85 9.76 8.27 1.18 851 4.58 1.86
VB4 [27] 166 1.89 0.88 0834 0781 1.07 4,94 4.94 1.00 1227 20.54 0.60
AlR [21] 1.48 1.30 1.14 0.440  0.609 0.72 3.78 4.16 0.91 23.09 51.18 0.45
A2 [18] 1.34 1.44 0.93 0.842 0.963 0.87 5.39 5.71 0.94 28.00 25.36 1.10
A3 [18] 2.10 1.51 1.39 1.341 1.394 0.96 7.58 7.78 0.98 9.95 13.18 0.75
A4 (18] 1.69 1.69 1.00 1.838 2.017 091 11.38 1128 1.01 7.07 5.86 1.21
B1 [18] 1.43 1.37 1.04 0.655 0.659 0.99 3.97 4.05 0.98 22.36 24.70 0.91
B2 [18] 0.92 1.31 0.70 0.956 1.136 0.84 6.14 6.51 0.94 14.76 14.05 1.05
B3 [18] 1.29 1.41 0.91 0.798 0.792 1.01 4.36 4.54 0.96 10.13 10.83 0.94
B4 [18] 1.52 152 1.00 0989  0.990 1.00 5.07 4.60 1.10 9.18 5.89 1.56
BS [18 1.63 1.63 1.00 1.311 1.374 0.95 7.19 717 1.00 9.36 6.10 1.54
B6 [18] 127 1.66 0.77 1642  1.640 1.00 9.51 8.90 1.07 7.93 5.96 1.33
F2[31] 241 2.30 1.05 3007 2915 1.03 9.12 8.82 1.03 2578 9.29 278
F3 [31] 2.21 310 0.71 3177 3.520 0.90 13.03 1177 111 13.56 5.16 2,63
F4 [31] 4.14 4.03 1.03 3887 3924 0.99 13.58  13.63 1.00 330 3.69 0.89
X 0.993 i= 0.896 = 1.022 el 1.258
§= 0.191 5= 0.109 §= 0.072 5= 0.580
o= 19.22% o= 12.21% o= 7.05% cv= 46.07%

efficient RA-STM procedure agree better with the experimental curves.
This is probably due to the higher numerical efficiency and stability
provided by the proposed new calculation procedure, allowing to
compute more accurate solution points in the nonlinear stage. This also
allows the efficient RA-STM procedure to predict better the failure

mode of the panels. Several panels (for instance, panels VA1, VA2, VA3,
VB1, VB4, AlR, A2, A3, B1, B2, B3, F2 and F3) clearly show a typical
ductile failure. After the yielding of the reinforcement, the 7, - vy (or
tpom - Yior) curves show a plateau where the loading capacity is main-
tained with small variations over a large range of deformation until
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Fig, 10, Examples of other curves for some panels.

failure. For such panels, the predictions from the efficient RA-STM
procedure for the final shape of the curves are good, although the
model can predict a somewhat different length for the plateau (panels
F2 and F3). Other panels show a somewhat less ductile behavior, with a
clear reduction of the loading capacity after the peak stress (panels VB2
and VB3) or no apparent ductility (panels VA4, A4 and B6). For such
panels, the efficient RA-STM procedure do not predict any horizontal
plateau and the shear stress clearly decreases after the peak stress. Fi-
nally, for panel VAO the theoretical 7,; — y,, curves are atypical in
comparison with the experimental one (Fig. 5). This is probably be-
cause panel VAO does not meet the requirement for minimum re-
inforcement, as stated by Zhu et al. in 2001 [26]. The other panels
selected for this study generally meet the necessary requirements for RC
membranes to show an acceptable behavior (such requirements can be
found in [1]).

For each panel, Table 2 presents both the experimental and theo-
retical (refined efficient RA-STM procedure) values for the following
key parameters of the 7;7 - y;7 (or 7y - y197) curves: cracking shears
T ep and 75N ™ shear stiffnesses in the cracked stage ks, and
kel *A 5™, shear strengths 7,y and 755" ™ and the corresponding

shear strains 7, ,,, and ¢ 5T, The following ratios are also pre-
ol RA - STM efl. RA -ST™M and

Tu‘up/‘ Tfrr,[fhm'sws kblzxp/ &S, th ) fa.ap/ Ty dh

T/ Vo™ ™. In addition, for each ratio the following statistical
parameters were computed: mean (x), standard deviation (s) and
coefficient of variation (cv). It was not possible to obtain accurate va-
lues for the experimental shear strain corresponding to the cracking
point, so this parameter was not included for the comparative analysis.
To compute the shear stiffness in the cracked stage, the points of the 7
- yur (Of 7y - ype1-) curves which lie in the approximately linear part of
the ascending branch were selected. Then, a linear regression was
performed in order to obtain the average slope, which corresponds to
the shear stiffness.

Table 2 shows that the refined efficient RA-STM procedure predicts

sented:
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well both the cracking shear 7, (¥ = 0.993) and the shear stiffness in the
cracked stage ks (¥ = 0.896), although this last one is slightly over-
estimated. In addition, the degree of dispersion of the results is ac-
ceptable (cv = 19.22% and ev = 12.21%, respectively). For the cracking
shear, the higher degree of dispersion can probably be due to the high
variability of the tensile concrete strength, which highly influences the
cracking point.

Table 2 also shows that the refined efficient RA-STM procedure
predicts very well the ultimate shear stress 7, (¥ = 1.022) and with a low
degree of dispersion (cv = 7.05%). This result is in very good agreement
with the results from Bernardo et al. in 2018 [25] obtained with the
previous version of the efficient RA-STM procedure only reliable for the
ultimate stage. In such study, the following statistical values were ob-
tained for the shear strength without considering panel VA0 nor panels
from F-series: £ = 1.066 and cv = 8.635%. This shows that considering
the contribution of concrete in tension in order to refine the efficient
RA-STM procedure for low loading stages, as proposed in this study,
does not affect negatively the prediction of the shear strength. As re-
gards to the ultimate shear strain y,, Table 2 shows that, in general, the
refined efficient RA-STM procedure seems to underestimate this para-
meter (% = 1.258) and with a high degree of dispersion (cv = 46.07%).
This result is highly influenced by panels F2 and F3, for which the ul-
timate shear strain is highly underestimated (see Fig. 9). If such panels
are disregarded, the following new values are obtained: £ = 1.114 and
v = 32.28%. These values are much closer to the same ones obtained by
Bernardo et al. in 2018 [25] (¥ = 1.129 and ¢v = 32.965%). In general,
theoretical truss-based models present higher difficulty to predict well
the deformation of the panels corresponding to the peak loads. How-
ever, such parameter is not very important for design.

Fig. 10 presents some examples of other behavioral curves, both
theoretical and experimental (if exists), for selected panels, namely the
op — ¢p and oy — g curves for panel VA2, the f; — g curves for panel A2
and the p, f; + p,fy — e curves for panel VA3, Fig. 10 shows that the
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theoretical curves generally agree well with the experimental ones,
including for the prediction of the peak stress for concrete, the yielding
point and post-yielding behavior for the reinforcement.

5. Conclusions

In this article, the efficient RA-STM procedure proposed in a pre-
vious study was refined in order to incorporate the contribution of the
tensile stresses in concrete. The equations of the refined model were
reformulated in order to incorporate this additional contribution and an
appropriate smeared constitutive law for tensile concrete was im-
plemented. In addition, the new solution procedure was also presented.
The predictions from the proposed refined efficient RA-STM procedure
were compared with the experimental results of tested RC panels found
in the literature, From the obtained results, the following main con-
clusions can be drawn:

- The refined efficient RA-STM procedure has proven to predict well
the full response of RC membrane elements under in-plane stresses.
Unlike the previous efficient RA-STM procedure, which showed to
predict well only the shear strength, the refined efficient RA-STM
procedure predicts also well the response of RC membrane elements
for low loading stages, in particular the cracking point and the shear
stiffness in the cracked stage;

- Unlike previous theoretical models which use a trial-and-error
technique and a large number of initial estimates, the refined effi-
cient RA-STM procedure allows to compute accurately the full be-
havior of RC membrane elements with high numerical efficiency
and stability. It addition, the calculation procedure is easier to im-
plement in a computer and require less calculation effort. The full
response of the studied RC membrane elements was calculated in
few seconds;

- The refined efficient RA-STM procedure showed to be a reliable and
alternative theoretical model to other analytically more complicated
truss models.
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Capitulo 5

Prevendo o comportamento de elementos de
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1 | INTRODUCTION
In the last decades, truss models have been widely used
to develop new analytical tools and have shown to be
suitable to predict the behavior of several structural con-
crete members, or parts of them, under multiple loading
conditions. When compared with other and more com-
plex analytical models, truss models allow the users to
easily understand the role of the materials (concrete and
steel bars) and how the stress fields are distributed inside
the structural member, namely in the cracked stage.

In order to simplify the problem, modern truss
models treat the element under study as a continuous

Discussion on this paper must be submitted within two months of the
print publication. The discussion will then be published in print, along
with the authors’ closure, if any, approximately nine months after the
print publication.

Benedito M. V. C. Filho® |

Bernardo Horowitz®

This article presents a refined version of the rotating-angle softened truss
model (RA-STM) with efficient solution procedure to predict the full behavior
of prestressed concrete (PC) membrane elements under in-plane stresses. The
refined model incorporates the concrete tensile strength in the perpendicular
direction to the concrete struts and an additional smeared constitutive law for
the tensile concrete. In order to avoid the classical trial and error solution pro-
cedure used in previous versions of the RA-STM, a new algorithm is presented
which lead to a more efficient solution procedure with higher numerical stabil-
ity. The reliability of the proposed model is verified with experimental data
related with PC plates under in-plane stresses, where good agreement is

efficient solution procedure, membrane elements, Prestressed concrete, rotating-angle softened

material even for the cracked stage. Instead of evaluating
locally the stresses and strains, these ones are evaluated
on average along a sufficient length to include several
cracks. As a result, the mathematical formulation is eas-
ier to manipulate and, even in nonlinear problems, the
algorithm for the solution procedure is also easier to
implement with basic programming languages.

Among several applications, truss-based models have
been developed to model two-dimensional (2D) elements
under in-plane stress states, the so-called membrane ele-
ments. Reliable models for such elements are important
because many structural concrete members, such as
shells and shear walls, can be viewed as the union of
small 2D membrane elements.”

The first so-called softened truss model (STM),
accounting for the softening effect in the compressive
concrete struts previously reported by Robinson and
Demorieux,” was proposed by Hsu.® Unlike previous

| © 2020 fib. International Federation for Structural Concrete
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refined truss models proposed by other authors at that
time, such as the so-called modified compression-field
theory from Vecchio and Collins,** the STM was the first
model to incorporate a smeared and softened constitutive
law for the concrete in compression instead of the usual
uniaxial stress (¢ )-strain (&), relationship.

Since the 1990s of the last century, and based on new
experimental data from controlled tests with RC and
prestressed concrete (PC) panels, the STM has been
refined over the years and new models were proposed.

Experiments showed that, after cracking, the direc-
tion of principal stresses rotates as a result of the stress
redistribution and deformation compatibility.® For this
reason, the SMT was modified in order to allow the
direction of the principal compressive stresses in the
concrete member to rotate. The model was renamed
Rotating-Angle STM (RA-STM).” At that time, several
refinements of the RA-STM were proposed, including
refined smeared o-¢ relationships calibrated with new
experimental data, namely, for normal- and high-
strength concrete in compressionf"9 and for steel rein-
forcing bars in tension including the stiffening effect
and the dowel action.”'? In addition, the contribution
of the tensile concrete in the perpendicular direction
to the struts, neglected in the first version of the
model, was also implemented in order to refine the
STA for the early loading stages. This was achieved by
incorporating a new smeared o-e relationship for con-
crete in tension.”®!% At that time, the RA-STM was
already able to predict the behavior of both reinforced
concrete {(RC) and PC membrane elements under in-
plane stresses, despite very few experiments with PC
panels existed in the literature for comparison at that
time.'!

In order to neglect the contribution of concrete in
shear, the equilibrium and compatibility equations of
RA-STM are written with respect to a fixed Cartesian ref-
erence frame which coincides with the rotating principal
directions of internal stresses in the concrete member.
Although small, the referred contribution exists due to
interlocking of the aggregates along the cracks and also
because the direction of cracks tends to deviate from the
direction of the principal compressive stresses."* To con-
sider this new contribution, Pang and Hsu® and Hsu and
Zhang'* considered a new reference frame at a fixed
angle to write the equations and incorporated a new
shear stress (r)-shear strain (y) relationship for concrete
in shear. This angle was considered to be equal to the
angle of the principal directions of the external stresses
applied to the RC member. The new model was called
fixed-angle STM (FA-STM).

In order to refine the model for the postpeak load-
ing stage, Zhu and Hsu'® incorporated the so-called
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Hsu/Zhu ratios to account for the Poisson's effect and
called the new model softened membrane model
(SMM). Later, based on new experiments with PC
panels, Laskar et al.* extended the SMM for PC mem-
brane elements and proposed the so-called SMM-PC.
As expected, it was found that prestress delays the
cracking of concrete and increases the resistance of the
tested panels, as the result of the biaxial stress state
induced by the prestress compressive stresses and the
applied in-plane stresses.

For all the versions of the aforementioned truss
models, the calculation procedures are based on trial-
and-error techniques which may require a large calcula-
tion effort. In addition, they can lead to the loss of
numerical efficiency and stability due to the intrinsic
nonlinear characteristic of the equations to be solved and
also due to the large number of estimated parameters
which are needed to start the calculations. For these rea-
sons, alternative and efficient solution procedures are
always desirable.

Due to its analytical simplicity when compared to
the FA-STM or SMM, in recent studies, the RA-STM
has continued to be used and extended to other struc-
tural members."” In particular, some attempts have
been made to propose new algorithms in order to
increase the numerical efficiency and stability of the
calculation procedure for RC and PC membrane
elements."*' Bernardo et al.”>*' reformulated the RA-
STM as a system of nonlinear equations with con-
straints. These equations were then solved efficiently
by using an optimization algorithm. This new calcula-
tion procedure, called here efficient RA-STM proce-
dure, avoids the need to use trial-and-error techniques,
and shown to be numerically very efficient and stable,
and also to require much less computational calcula-
tion effort. In addition to this improvement, the
referred authors also refined the model by using a set
of appropriated smeared constitutive laws for the mate-
rials to improve the precision of the model. Based on
comparative analyses with experimental data, the
authors found that the efficient RA-STM procedure
captures well the ultimate behavior of RC panels under
in-plane stresses. For PC panels, the results were con-
sidered to be acceptable. Since the concrete tensile
strength was neglected in the model for simplicity, this
one was not able to predict the transition from the
uncracked to the cracked stage of the studied panels.

In this article, the efficient RA-STM procedure is
refined for PC membrane elements in order to incorpo-
rate the influence of the concrete tensile stresses in the
perpendicular direction to the concrete struts. The equa-
tions and the new solution procedure are presented. The
predictions obtained from the new model are compared
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with the experimental results of some PC panels tested
under in-plane stresses which are available in the litera-
ture. It is shown that the refined efficient RA-STM proce-
dure provides good results for the ultimate state and, in
addition, is also able to predict well the behavior for low
loading stages, namely the cracking point and the stiff-
ness in the cracked stage.

2 | REFINEMENT OF EFFICIENT
RA-STM PROCEDURE FOR PC
MEMBRANE ELEMENTS

In this section, the efficient RA-STM procedure for PC
membrane elements is modified to incorporate the con-
crete tensile strength. The new refined and efficient solu-
tion procedure is also described. The followed steps to
present the model are similar to the same ones presented
by Hsu® and Pang and Hsu’ for the original RA-STM and
also by Bernardo et al.”®* for the previous versions of
the efficient RA-STM procedure.

In both the RA-STM and efficient RA-STM proce-
dure, a nonlinear plain truss model is idealized as the
resistance mechanism, where concrete resists to com-
pressive stresses and reinforcement (steel bars) resists
to axial tensile stresses. The equations follow the three
Navier's principles of mechanics: equilibrium of
stresses, compatibility of strains, and constitutive laws
for the materials.
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2.1 | Equilibrium and compatibility
equations

Figure 1 illustrates a 2D PC membrane element
under in-plane normal (s; and o) and shear (z;)
stresses in the longitudinal (L)-transverse (T) coor-
dinate system, corresponding to the direction of lon-
gitudinal and transverse reinforcement. Perfect bond
is assumed between steel bars and concrete, and
dowel action is neglected. Using the principle of
superposition, the in-plane stresses in the PC mem-
brane element are broken into three components:
the in-plane stresses in the concrete membrane ele-
ment (o}, of, and 77, ), and the normal stresses in the
non-prestress steel bars (p;f; and p4f7) and prestress steel
bars (prpfip and popfrp). In Figure 1, p stands for the rein-
forcement ratio (see footnotes in Table 1) and f stands for
the normal stress in the steel bars. From Figure 1, the fol-
lowing three equilibrium equations for stresses are writ-
ten in matricial form:

0L o ol Puef1p
or |=|o1° [+ |pofy | + |Prefre (1)
7T TLTC 0 0

From Mohr's circle for stresses, the stress components
in concrete can be related with the principal stresses (o

Pefr
11].“‘!.IITI

’ATTIQQATII

S

A
l LARA l LAA ‘V \J
Non-prestress
reinforcement
pwfrv
1 LAk ' NN T [}
l l L pini:P
VLRV LYY FIGURE 1 Two-dimensional
Prestress

(2D) PC member under in-plane

remnforcement stresses
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TABLE 1 Characteristics of the reference PC panels

PC panel f’EMPa &% pip %

TA1® 415 021 08 — 83 1,793
FAS I 2 019 084 — 83 1,793
TASE 423 019 08 — 83 1,793
TA4® 425 021 059 — 58 1,793
TAS® 411 021 042 — 41 1,793
pp2" el 021 029 130 21 1,793
pp3” 277 021 059 065 44 1,793

prp = ApplAc pr=ArslAg pr = ArsfAc

and op) and the variable angle ap between the coordinate
systems L-T and R-D (see Figure 1). Equation (1) can be
rewritten as follows:

0% fop,iMPa fp, MPa f;,MPa EpGPa E,GPa

fib

EsGPa pr*% fr,MPa E;GPa

— 200 209 - 042 414 197
= 200 209 = 0.77 415 192
— 200 209 — 1.54 415 192
— 200 209 = 0.77 415 192
— 200 209 == 0.77 415 192
486 200 200 200 065 480 200
480 200 200 200 0.65 480 200

In addition, the following invariant equation can be
written from the first invariant (trace) of the strain tensor
for both L-T and R-D coordinate systems:

oy, cos*(ap) sin*(ap) 2sin{ap)cos(ep) | | op oufr el e
or | = sin(ap) cos’(ap)  —2sin(ap)cos(ap) | |ox | + |pif7 | + | Pref1p (2)
T —sin(ap)cos(ap) sin(ap)cos(ap) cos*(ap)—sin*(ap) | | 0 0 0
Unllkezghzte1 previous versmps of the efflcylent RA-STM By By e By < By (7)
procedure,” " concrete tensile strength is no longer

neglected (o # 0). For convenience, the matricial Equa-
tion (2) is rewritten as the following system of three equi-
librium equations:

o, =opcos’(ap) + ogsin®(ap) + pufy +ppfp - (3)
or = opsin’(ap) + oxeos’ (ap) + prf y + pref o (4)
T = (—GD-I—ﬂR)Sil'l(O!D)COS(aD) (5)

From Mohr's circle for strains, the average strain
components (g, £, and y;¢) can be related with the
principal strains (¢ and £,) and the variable angle «j,
as follows:

For convenience, the third compatibility equation is
isolated from the matricial Equation (6),

(8)

Yir =2(eg—ep)sin{ap)cos(ap)

2.2 | Constitutive laws for the materials

For concrete in compression, the same smeared softened
o-¢ relationship, used and justified by Bernardo et al.,”'
was adopted in this study. This relationship was firstly
proposed by Belarbi and Hsu® and refined latter by Zhu
et al?2 (Equation (9), see Figure 2). The meaning of

£r cos*(ap) sin’(ap) 2sin(ap )cos(ap) £p
er | = sin’(ap) cos*(ap) —2sin(ap)cos(ap) | | &x (6)
vir =2sin(ap)cos{ap) 2sin(ap)cos(ap) 2cos>(ap)—2sin*(ap) | [ 0
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FIGURE 2 Constitutive laws
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parameters in Equation (9) is the following ones: f/, is the
uniaxial compressive strength of concrete, &, is the strain
corresponding to the peak stress (/) and { is the soften-
ing coefficient. This last one is computed from Equa-
tions {10)-(12) and was proposed by Zhang and Hsu’ and
refined by Zhu et al.* This softening coefficient accounts
for the ratio of the transverse to the longitudinal tensile
strength of reinforcements (Equations (11) and (12))
through parameter 5 and must account for the prestress
reinforcement. The additional validity —condition
0.4 <y<2.5 (equivalent to 0.4 <y <1.0) from Pang and
Hsu” and Zhang and Hsu’ was also adopted in this study.

op =Cf’c {2 (%) - (;—;)“} if ep<ley,  (92)

ool
ch:gfi [1 - (7(%/%80) 1) if ep>Le (9b)

(4/0)-1

5.8 1
= <09 |- (10)

JIM(MPa) 1+ e

_pefnyt Prefrmoagi—or
Pl Pef o —ot

Prestress steel bars in tension

i =n if <1

1 A<y <1,
Pl 51 (04<y <1.0) (12)
n

Since the concrete tensile strength is not neglected in
this study, an additional s-¢ relationship for tensile con-
crete needs to be incorporated in the efficient RA-STM
procedure. The smeared o-¢ relationship for tensile con-
crete proposed by Belarbi and Hsu' for shear elements
(Equations (13)~(16) see Figure 2) was also used in this
study. This relationship was successfully used in truss-
based models to compute the behavior of RC members
under shear, accounting for the concrete tensile
strength.””"* In Equations (13)-(16), the meaning of the
parameters are: E, is the Young's modulus for concrete
and ¢, is the tensile strain corresponding to the peak
stress f., (concrete tensile strength).

or=FE.ep if eg<Le, (13a)

04
or=fg (i—:) if ep> e (13b)

E.=3875,/f.(MPa) (14)

62



BERNARDO Er AL.

£ =0.00008 (15)

—
Jor=Eetar =03114/f(MPa) (16)

For nonprestress steel bars in tension embedded in
concrete, the same smeared o-¢ relationship used and
justified by Bernardo et al.?! was also adopted in this
study. This relationship is the simplified bilinear o—¢ rela-
tionship proposed by Pang and Hsu’ (see Equations
(17)-(20) and Figure 2).

fSZEsb‘s if 6‘53{:‘; (1721)

f5=(091-2BN)fg, +(0.02+025BN)Eses if e5>¢

(17b)
_ ;
Ey = st (18)
f,=(093-2BN)f, (19)
1.3
BN = i G?y) (p20.15%) (20)

In Equations (17)-(20), fs and &g are the average ten-
sile stress and strain in the nonprestress steel bars,
respectively, fg, is the yielding stress and Eg is the
Young's modulus for steel.

For prestress steel bars, some considerations need to
be discussed before the chosen smeared a—¢ relationship
is presented. Before concrete decompression, the behav-
ior of PC membrane elements lies entirely in the elastic
domain because at this stage the strains in the materials
are very small. For this reason, as assumed in previous
studies where authors worked STMs for prestress
members,?"* the calculation procedure of the refined
efficient RA-STM procedure starts after concrete decom-
pression. Hence, the strain in the prestress reinforce-
ment, &p, is computed as follows,

Ep = Egee + €5 (21)
where ¢4, is the strain at decompression and ¢ is the
strain in non-prestress reinforcement (at decompression
£5 = 0). The strain &4, is computed from Equation (22),
where ep; (&5,) is the initial tensile (compressive) strain
in the prestress (nonprestress) reinforcement due to pre-
stress and which can be computed from Equation (23)
(Equation (24)).
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fib

Edee=¢pjt+ €5 (22)
f ;
epj= Ei; (23)
A :
Ss.i = pr.! (24)

AS(E.S _Ec) + EC‘(AC‘ _AP)

In Equations (23) and (24), Ep is the Young's modulus
for prestress steel, Ap and Ag are the total area of pre-
stress and nonprestress steel, respectively, and A, is the
area of the concrete cross section.

To compute the stress in the prestress reinforcement,
Jfp» from the strain ep, the same uniaxial s-¢ relationship
used and justified by Bernardo et al.*! was also adopted
in this study. The used c-¢ relationship, defined in Equa-
tion (25), is a corrected version of the one proposed by
Hsu™ (see Figure 2), which was based on the Ramberg-
Osgood's curve,

fP = E}‘(Edec + 85) if Ep S Spgjfpu (253)

E}(egec + £5—Acp)

E P
[1+ ( plEiec + E5— EP.) ]

fp = if Ep > EPL.Tf, (Zﬁb)

fou

In the previous equations, Ej is the Young's modu-
lus of Ramberg-Osgood and R is a geometrical parameter
to adjust the shape of the curve. Such parameters need
to be evaluated experimentally from uniaxial tensile tests.
For this study, the following values from Laskar et al.'®
were considered: E, =209 GPa and R = 5. Also in the pre-
vious equations, fp, is the tensile strength of the prestress
steel and epy, is the strain of prestress steel
corresponding to 0.7fp,. The variation strain Aep aims
to translate, by a very small amount, the nonlinear
curve from the original one (with Aep = 0) to impose
the continuity between the linear and nonlinear part
of the 6—¢ curve. As explained by Bernardo et al.,*!
this correction is needed to avoid convergence prob-
lems when the solution points are computed at the
transition between the referred parts of the s-¢ curve.
As also justified in the referred study, Aep is computed
as follows:

dep= 520.7,@“ _égéﬁfp,, (26)
0.7
L _YAp
EP0.7fp, = E—PU (27)
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(2D) PC member
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EPFPU,UM

0.7fzy = — — gy (28)

" R\
ELE]\étf
|i1 * ( fru =

In the previous equations, e, and ej ;. are the
strains corresponding to 0.7fp, computed from the linear
(L) and nonlinear (NL) part of the ¢—¢ relationship,
respectively. The strain #;%_Uh is computed by solving a
nonlinear equation (Equation (28)).

2.3 | Equations for proportional loading

In this study, proportional loading is assumed, that is, the
ratios between the in-plane applied stresses in the PC
membrane element remains constant. For this loading
condition, it is possible to relate the in-plane applied
stresses in the L-T coordinate system (s;, o4, and 7;7)
with the principal tensile stress in the PC membrane ele-
ment in the 1-2 coordinate system, which coincides with
the direction of principal applied stresses (s, and &,)
(Figure 3). For this, three proportionality coefficients are
defined, namely longitudinal (rm;), transverse (ms), and
shear (my7) proportionality coefficients, according to
Equation (29)-(31).

my = ol (29)
(&3]

my =~ (30)
4]

Mmir=— (31)

From Mohr's circle for stresses, Equation (32) can be
established to relates o, with 67, o, and 7.

_optor
- 2

= 2
01 +\ (G-L GT) + 772 (32)

2

Substituting my, my, and myr from Equations (29)-
(31) into Equations (3)-(5), gives:

mpor—pyf L —prefip = oS> (ap)+ ()’RSinz((lD) (33)
mror=prfr—prefp = apsinl(ap) + O'RCOSZ((ID) (34)

Moy =(-ooxn(enkooser) (39

Using the trigonometric  identity sin¥(ap)
+ cos*(ap) = 1, Equations (33) and (34) can be rewritten
as follows:

mio1 —pif —pref 1p = 60c0s (ap) + o [1 —cos*(ap)|
oS -My01 + 0+ prf L+ prpf1p = (6 —0p)cos*(ap) (a)
myoy —prf p=pref p = opSin*(ap) + op [1 -sin*(ap)]
& -My61 + 6p + prfy + pref1p = (og —0p)sin*(ap) (b)
Multiplying Equations (a) and (b) gives:

(-mypoy + op +pif + prpfp) (-mror + ox + prfo + pref vp)
2 2 o N
={og—0op) cos”(ap)sin”(ap)

(c)
Squaring Equation (35) gives:

(myr61)* = (- 6p + o) sin*(ap)cos* (ap) (d)

Equating the left members of Equations (c) and (d) gives
Equation (36), which combines Equations (33)~(35).

(-mioy +0r +pufy + prefip) (-mroy + or + prf 1+ pref1p)
p— 36)

Expanding Equation (36) and rearranging terms, the
following quadratic polynomial equation can be written:
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mymy ~myr*er + [-myog +pfy + profiv
—myog +prfi, + prfirlor + e+ or 4 pifi
+prefip (o + prfr + prefir) =06 Ao
+-Boy+C =0 (37)

with:

A, =mpmr— mu'z (38)

B'=my(og+prf g+ prefp) + mrlor+pfy + profyp)

(39)
C' = (or +pufy, +pef1p)or +pofp +pref ) (40)
The quadratic formula for o, gives:
_BVB’-44C -
e (41)
3 | EFFICIENT SOLUTION
PROCEDURE

31 | Additional equations

By incorporating the trigonometric identity sin*(ap)
+ cos’(ap) = 1 in both the first two equations from the
matricial compatibility equations (Equation (6)), the
angle ap (Figure 1) can be written as function of the
strains in the L-T and R-D coordinate systems
(Equations (42) and (43)).

sin?(ap) = =2 (42)
ER—ED

cos*(ap) = o (43)
ER—ED

The angle ap can be computed from dividing Equa-
tion (42) by Equation (43):

m——
JET—ED

ap = arctan (\/ )
Er—E€p

Solving Equation (35) for op gives the following
equation:

(44)

—Mir61

= Snla)eoses) -

+ oy

Solving Equations (33) and (34) for f, and fr, gives
Equations (46) and (47), respectively:
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- —G‘DCOSE((ID) —gRsinz(aD) + myo, _pLPfLP
AL

fi (46)

_ —cmsinz(ap) —GRCOSE((ID) + mroy _pTPfTP
Pr

Ir (47)

3.2 | Nonlinear equation for the initial
estimates

The efficient solution procedure requires initial estimates
for the strains ep, &7, and er. Instead of assuming arbi-
trary values, the initial estimates are computed by using
the Mohr compatibility truss model (MCTM), which
assumes elastic and linear constitutive laws for the mate-
rials’ {Hooke's law is valid).

Substituting Hooke's laws for concrete (6p = E.&p)
into Equation (45), and solving for ep, gives:

ot —Myroy
P~ E.sin(ap )oos(ap)

OR

48
o (43

Substituting Hooke's laws for longitudinal and trans-
verse nonprestress steel bars (f; = Ese; and f; = Esep) into
Equations (46) and (47), respectively, and solving for the
strains ez and e7, gives the following equations:

(my + myreot{ap))oy —or=prpf1p;

49
Expr (49)

&L=

B (mT + mLTtan(aD)_)a] —or—prefip;
Espy

Er (50)

In the previous equations, fip (frp) is substituted by
Jrp. i (frp, ;) which represents the initial stress in the longi-
tudinal (transverse) reinforcement, in order to account
for the initial stress due to prestress to compute the initial
estimates.

To calculate the initial estimates, the tensile stress oz
can be neglected in Equation (48)-(50) because at this
stage the strains are very low.

From Equation (44), the nonlinear Equation (51) can
be written, in which the strains are computed from Equa-
tions (48)~(50) (with 6 = 0).

—£&p

Fyverv = = —~tan*(ap) =0 (51)

ér—£&p

Equation (51) is solved to estimate the angle e, which
minimizes the so-called residual function for MCTM
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(Fyerw)- Once ap is estimated, the strains are rec-
alculated from Equations (48)-(30) (again with o = 0)
and used as the initial estimates to start the refined effi-
cient RA-STM procedure, as explained below.

3.3 | Nonlinear equations for the refined
efficient RA-STM procedure

Adding Equations (33) and (43), substituting Equa-
tions (42) and (43), and arranging terms, gives the first
residual function for the refined efficient RA-STM proce-
dure, Fy py;- Similarly, adding Equations (34) and (42),
substituting Equations (42) and (43) and arranging terms,
gives the second residual function, Fﬂsm.

Er—E&p EL—
F(ll op +or
RASTM | _ ER—ED ER—
[ 2) } - EL—€p
Frastu 6p

The matricial Equation (52) is equivalent to a system
of two nonlinear equations which are solved to compute
the strains ¢; and &7 as the values which minimize both

: sore pll) A2
the residual functions F; ¢ and Fyy oy

3.4 | Algorithm

Figure 4 presents the flowchart for the algorithm used
to implement the refined efficient RA-STM procedure
for PC membrane elements. Some initial data must be
given to start the calculation procedure. These data
are related with material properties and loading condi-
tion. In addition, the chosen path's increment Aep for
the strain g, must also be given. Next, the initial stress
and deformation state for the first imposed valued &,
are estimated from the MCTM, which requires solving
Equation (51) for a;. From this first calculation, the ini-
tial estimates ¢],, £/, and &) are obtained to compute
the first solution point with index k = 1. After this, all
the remaining solution points are computed from
the refined efficient RA-STM procedure. For this, the
strain ep is incremented by Aep for each step
(et1=¢k + Aep), and the new stress and deformation
state is successively estimated by solving Equation (52)
for ¢; and . For each step, the initial point is defined
as the solution point from the previous one. The calcula-
tion procedure holds until the conventional ultimate

(failure) value specified for concrete in compression {g.,)
is reached (£h*'>e, ). Eurocode 2% was used to
define ¢,

In this study, the algorithm for the refined efficient
RA-STM procedure was implemented in MATLAB*® and
nonlinear Equations (51) and (52) were solved with the
least squares method by using the function Isqnonlin.

4 | VALIDATION WITH
EXPERIMENTAL RESULTS

To validate the refined efficient RA-STM procedure for
PC membrane elements presented in the previous sec-
tions, the theoretical predictions are compared with the

&p
.D'm!ﬁl +puf L+ pief1p [0]

Ep—Ep
R —mrey +prfp+p
T e tfr+prefp

same experimental results used by Bernardo et al.*' to
validate the previous version of the model only for the
ultimate stage, namely for the shear strength. The experi-
mental results came from only two studies found in the
literature, where PC panels were tested under in-plane
stresses (with proportional loading) until failure.

Laskar et al.'® tested some PC panels at the Univer-
sal Panel Tester in the University of Houston. Among
the reported tests, five PC panels (TA series) were
tested under proportional loading and symmetrical
biaxial stresses in the 1-2 coordinate system
(62 = —o0y), with steel bars oriented at 457 (Figure 5).
As a consequence, the referred PC panels were tested
under pure shear in the L-T coordinate system
(o = op = 0, see Figure 1). All PC panels have sizes
139.8 X 139.8 x 17.8 cm’ and prestress was only
applied in the longitudinal direction of the L-T coordi-
nate system (no longitudinal nonprestress reinforce-
ment exists). The main variable study was the
reinforcement ratio in each direction. It should be
referred that Laskar et al.' also reported the experi-
mental results of five additional PC panels (TE-series)
tested under sequential loading. The aim of these tests
was to study the constitutive laws for the materials.
These additional experimental results were not used in
this study because of their different loading condition.

Marti and Meyboom'" tested two PC panels (PP-
series) on the shell element tester at the University of
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Specified data:
Concrete: A, [, &
Nen-prestresssteel: Es, fiy, fry ,Azs, Ars
Prestress steel: Ayp, Arp , fips frp 1 Ep
Loading: 7;, 07, Ty 7
Path increment: As;)

:

Preliminary calculations:

epy - EQ. (23)
£Fozpm, - EQ. (27)

ey, £y - Hooke s law

£5;- Eq. (24) €4ec - EQ. (22)

0477, EQ. (38) hsp - Eq. (26)
a -Eq. (32)

my, mp, myp - Eq. (29)-(31)

:

( Solve: Fycry = 0- Eq. (51) >

!

l Calculate: ¢y, ¢, , 1 - Eq. (48)-(50) ]

.

[ Inftial point: ) = ep,e0 = ¢, , el = ¢, for k=1 I

o )—

< Solve: for <f;, solve Fyy_sry = 0 - Eq. (52)

using £f =1 and £5~! as initial point.

:

Calculate:
fp - EQ. (25) & -Eq. (7) ay - Eq. (13)
[ fr - Eq. (17) A B, €' Eq. (38)-(40)
k=k+1 |
¢-Eq. (10) ap -Eq. (9) g, - Eq. (41)

'

‘ Increase; «h*! = &f + Asp [

.
T

YES

FIGURE 4 Flowchart

Toronto, with similar loading condition and prestress
direction as previously described for the PC panels (TA-
series) from Laskar et al'® Both panels have sizes
162.6 X 162.6 x 28.7 cm’ and the variable study was the
amount of prestressing. Although Laskar et al." reported
some deficiencies in the study from Marti and
Meyboom,' the experimental results of these additional
two PC panels were also considered for this study.

Table 1 summarizes the properties of the seven tested
PC panels used to validate the refined efficient RA-STM
procedure. Most of the presented parameters were
already defined in the previous sections. In addition,
parameter fp ; is the initial concrete compressive stress
due to prestress in the longitudinal direction.
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The theoretical behavior of each of the seven PC
panels from Table 1 was computed using the refined effi-
cient RA-STM procedure presented in the previous sec-
tions. Such results are compared with the experimental
ones reported by Laskar et al. in 2007"® and Marti and
Meyboom."!

Figures 6 and 7 present the experimental and theo-
retical shear stress (z; p)-shear strain (y; ) curves for the
PC panels from TA-series and PP-series, respectively.
Two theoretical curves are presented for the five PC
panels from TA-series, one computed from the refined
efficient RA-STM procedure proposed in this study (eff.
RA-STM) and another one drawn from the theoretical
curve presented by Laskar et al.'® Such theoretical curve
was computed by the referred authors from the SMM-
PC and is also presented here for comparison. For the
two PC panels from PP-series, Marti and Meyboom''
only presented some experimental 7;r — y7r points with
error bars.

Figures 6 and 7 show that, in general, the global
behavior of the tested panels is well captured by the
refined efficient RA-STM procedure, including the transi-
tion from the uncracked to the cracked stage (unlike the
previously proposed efficient RA-STM procedure™), and
the theoretical curves are in good agreement with the
experimental ones. Some numerical difficulties reported
with the previous model for some of the panels® were
also solved with the refined efficient RA-STM procedure.

Figure 6 also shows that, for the five PC panels from
TA-series, the predictions from the refined efficient RA-
STM procedure are generally also in good agreement
with the same ones from the SMM-PC, which is a more
complex analytical model as referred in the introduction
section. However, the descending branch of the theoreti-
cal 7zy — y.r curves from SMM-PC seems to agree better
with the experimental curves. This is because the SMM-
PC incorporates the so-called Hsu/Zhu ratios to account
for the Poisson’s effect. As explained by Zhu and Hsu,”
this allows the model to predict better the postpeak
behavior of the membrane elements under shear.

In order to validate better the refined efficient RA-
STM procedure in a quantitative way, Table 2 presents,
for each reference PC panel, the experimental and theo-
retical values for some key values and properties of the
tpr — yrr curves. These are the following ones: cracking
shear SIresses 7oy, and 7oA | shear stiffnesses in
the cracked stage ks, ., and kgff_;fA'sm, shear strengths
stresses (ultimate values) 7.y, and Z5FS™ and the
corresponding shear strains y, o, and yfRAS™ | The

wth

ratios of the experimental to the theoretical values are

Al& . it RA-STM /7.off RA-STM

also presented  (7er e/ 750, v ksep/kgg .
{f RA-STM ff RA-STM

T/ Tt and y,{m/yf‘_m ). Although only

seven panels were studied, Table 2 also presents the
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FIGURE 5 Tested panels: loading condition and

reinforcement direction
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values for the mean (x), SD (s), and coefficient of varia-
tion {cv) corresponding to the presented ratios. The shear
strain corresponding to the cracking shear stress was not
included as a key value because it was not possible to
obtain accurate values from the experimental 73— y.;
curves drawn in the consulted studies. This is because at
this early stage, the shear strains are very small. The
shear stiffness in the cracked stage was estimated as the
slope of a straight line obtained from a linear regression
of the points of the z;p—y;r curves which lies on the
approximately linear part of the ascending branch after
the cracking point. For the PC panels from PP-series, the
average values of each error bar were considered as the
representative values,

= >
N o |
& =
o
P — XD, — D,
= = +Eff. RASTM = = «Eff. RASTM
L= 1 qes olpe [l = | | | sesens SMM-PC
0 T T T T
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8
6 .
i) ; I
= £
g . h =
s L
= f =
. | — T, — XD,
= = = +Eff. RA-STM = = «Fff RASTM
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0 T - r : : . - -
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3 3
Ar[x107] Yir [x107]
=
-9
2
S b
24
Exp.
el = = +Fff RA-STM
veasens SMM-PC
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panels from TA-series
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TABLE 2 Comparative analysis
Panell 7ep o MPa. EIRASTM gﬁmt Ky cnMPa. B Ffﬁmsi&' Gl i —ﬂ-gﬂ-m?l“ Yo ppidi = g e _t"“f’ :
MPa MPa *  MPa MPa e s
TA-1'® 382 375 1.02 0.091 0.080 1.13 603 596 1.01 12.20 10.72 1.14
TA Y 422 431 0.98 0.097 0.091 1.06 644 646 1.00 7.50 5.89 1.27
TA-3' 471 5.08 0.93 0.964 1.113 0.87 749 791 0.95 4.00 5.07 0.79
TA-41% 387 3.69 1.05 0.659 0.763 0.86 571 575 0.99 11.00 9.60 115
TA-5' 2.83 2.89 0.98 0.453 0.632 0.72 479 488 0.98 10.50 12.29 0.85
pP2 246 231 1.06 0.745 0.798 0.93 511 5.26 0.97 9.55 8.31 115
PR3t 312 2.86 1.09 0.500 0.732 0.68 519 528 0.98 9.11 6.99 1.30
= 1.015 = 0.892 = 0.983 = 1.093
= 0.057 o 0.163 o= 0.021 5= 0.198
o= 5.64% o= 18.27% = 2.09% o= 18.10%

From Table 2, it can be stated that the refined effi-
cient RA-STM procedure predicts very well the cracking
shear stress 7., (x=1.015) with a very low degree of dis-
persion (cv = 5.64%). For the shear stiffness in the
cracked stage kg, the proposed model predicts well its
value (x=0.892), although this last one seems to be
slightly overestimated, and with an acceptable degree of
dispersion (cv = 18.27%).

From Table 2, it can also be stated that the refined
efficient RA-STM procedure predicts very well the ulti-
mate shear stress 7, (¥ =0.983) with a very low degree of
dispersion (cv = 2.09%). This result is slightly better when
compared with the results from Bernardo et al.,”! which
used the previous version of the efficient RA-STM proce-
dure for the same reference PC panels, and for which the
following statistical values were obtained: X=1.11 and
cv = 8.86%. This shows that the refinement of the model
in order to include the concrete tensile strength also
affected slightly and positively the prediction of the ulti-
mate shear strength.

For the ultimate shear strain y,, Table 2 shows that
the refined efficient RA-STM procedure also predict well

the values (¥ =1.093), although it seems to be slightly
underestimated, and with an acceptable degree of disper-
sion (cv = 18.10%).

Finally, Figure 8 presents some examples of other
behavioral curves for selected panels, both theoretically
and experimentally (if exists), namely: the 6 — & and
o — eg curves for panel TA-5, and the 7,7 — g; and
T — €p curves for panel TA-2. In general, the theoretical
curves show expected shapes and agree well when com-
pared with the experimental ones.

The foregoing shows that the refined efficient RA-
STM procedure constitutes a reliable model to predict
well the full behavior of PC membrane elements.

5 | CONCLUSIONS

In this article, a previous version of the efficient RA-STM
pracedure to model the behavior of PC membrane ele-
ments under in-plane stresses was refined in order to
include the concrete tensile strength and also an appro-
priate smeared nonlinear ¢ — ¢ relationships for concrete
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:; curves for selected panels
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in tension. The aim was to refine the model in order to
predict the full behavior of PC membranes under in-
plane stresses, including the transition between the
uncracked and the cracked stages. From the results
obtained through this study, the following conclusions
can be drawn:

1. When compared with experimental results, the
refined efficient RA-STM procedure has proven to
provide good predictions for the full response of PC
membrane elements under in-plane stresses, includ-
ing the behavior for low loading stages.

2. In particular, the refined efficient RA-STM procedure
provided good predictions for the cracking shear
stress, the shear stiffness in the cracked stage, and also
the shear strength stress and corresponding shear
strain for the studied PC membrane elements.

3. The efficient solution procedure shown to be accurate
and provided high numerical efficiency and stability.
The numerical results were obtained in few seconds
(average processing time approximately equal to 8-12 s
with Intel(R) Core(TM) i7-4700MQ CPU @ 2.40 GHz);

4. The refined efficient RA-STM procedure shown to be
a simple a reliable truss-based model for PC mem-
brane elements under in-plane stresses, and consti-
tutes a good and alternative analytical model to more
complicated ones.

It should be noted that the STM constitutes a simpli-
fied model to describe the behavior of concrete structural
elements and structures. It cannot model realistically the
localized failure. This one is a direct consequence of a
postpeak softening, which is the major manifestation of
failure. Such behavior cannot be objectively modeled by
o — ¢ relationships alone. Instead, a more detailed analy-
sis can be obtained with the help of models based on con-
tinuum mechanic, for example, models based on the
fracture mechanics. Nevertheless, by incorporating
smeared ¢ — ¢ relationships for the materials, the refined
efficient RA-STM procedure used in this study was able
to model well the average full response of the studied PC
membrane elements under in-plane stresses.

Finally, it should also be noted that the refined effi-
cient RA-STM procedure was validated with the experi-
mental results related with only seven PC panels. For this
reason, additional experimental results with PC panels,
including panels under more general in-plane stresses in
the L-T coordinate system, are still needed.

NOTATION

A, Area of concrete cross section

Arp Area of longitudinal prestress reinforcement
Ars Area of longitudinal nonprestress reinforcement
Ap Area of prestress reinforcement
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f LP;i
f LP0.1%
Joy

e
Joi

fPu
s

sy
Ir

a;
ap
ap

£y

Area of nonprestress reinforcement

Area of transverse prestress reinforcement

Area of transverse nonprestress reinforcement
Young's modulus for concrete

Young's modulus for prestress steel

Young's modulus for nonprestress steel

Uniaxial compressive strength of concrete
Initial compressive stress in concrete due to
prestress

Tensile strength of concrete

Tensile stress in the longitudinal nonprestress
reinforcement

Tensile stress in the longitudinal prestress
reinforcement

Initial tensile stress in the longitudinal prestress
reinforcement due to prestress

Proportional conventional limit stress to 0.1%
for the longitudinal prestress steel

Yielding stress of the longitudinal nonprestress
reinforcement

Tensile stress in the prestress reinforcement
Initial tensile stress in the prestress reinforce-
ment due to prestress

Tensile strength of the prestress steel

Average tensile stress in the nonprestress
steel bars

Uniaxial yielding stress of the nonprestress
steel bars

Tensile stress in the transverse nonprestress
reinforcement
Tensile stress
reinforcement
Initial tensile stress in the transverse prestress
reinforcement due to prestress

Proportional conventional limit stress to 0.1%
for the transverse prestress steel

Yielding stress of the transverse nonprestress
reinforcement

Yielding stress of the embedded nonprestress bars
Shear stiffness in the cracked stage

Longitudinal proportionality coefficient

Shear proportionality coefficient

Transverse proportionality coefficient

in the transverse prestress

Angle of the principal tensile stresses in the PC
membrane element

Angle of the principal compressive stresses in
the PC membrane element

Angle of the principal compressive stress in the
concrete membrane element

Angle of the principal tensile stresses in the con-
crete membrane element

Strain corresponding to the concrete compres-
sive peak stress
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Tensile strain corresponding to the tensile
strength of concrete

Ultimate strain for concrete in compression
Principal average compressive strain
Decompression strain

Strain in the prestress steel bars

strain in the prestress steel corresponding to
1

Initial tensile strain in the prestress steel bars
due to prestress

Longitudinal average strain

Yielding strain of the longitudinal nonprestress
steel bars

Principal average tensile strain

Average strain in the nonprestress steel bars
Initial compressive strain in the nonprestress
steel bars due to prestress

Transverse average strain

Yielding strain of the transverse nonprestress
steel bars

Average shear strain in the PC membrane
element

Shear strain corresponding to the shear strength
Softening coefficient
Longitudinal  nonprestress
ratio

Longitudinal prestress reinforcement ratio
Transverse nonprestress reinforcement ratio
Transverse prestress reinforcement ratio
Principal tensile stress in the PC membrane
element

Principal compressive stress in the PC mem-
brane element

Principal compressive stress in the concrete
membrane element

Longitudinal normal stress in the PC membrane
element

Longitudinal normal stress in the concrete
membrane element

Principal tensile strain in the concrete mem-
brane element

Transverse normal stress in the PC membrane
element

Transverse normal stress in the concrete mem-
brane element

Cracking shear stress

Shear stress in the PC membrane element

Shear stress in the concrete membrane element
Shear strength stress

reinforcement
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Abstract This article presents an analylical model,
based on a refinement of the rotating-angle softened
truss model (RA-STM) with efficient solution proce-
dure, to predict the full response of reinforced concrete
(RC) membrane elements strengthened with fiber
reinforced polymers (FRP). To extend the RA-STM,
equations from equilibrium conditions and smeared
constitutive relationships for the materials are modi-
fied in order to account for the tensile FRP reinforce-
ment and its interactions with the other material
components, In addition, an efficient algorithm is
proposed for the calculation procedure to avoid using
the classical trial and error technique to compute the
solution points. This new algorithm provides higher
numerical efficiency and stability. The reliability of
the efficient RA-STM FRP solution procedure is
checked against some experimental data related with
FRP-strengthened RC panels tested under in-plane
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shear and found in the literature, and also with the
predictions from the softened membrane model
(SMM-FRP) for comparison. In general, reasonably
good agreement is observed between the efficient RA-
STM FRP procedure and the SMM-FRP, and also with
Lhe experimental response of the reference test panels.

Keywords Rotating-angle softened truss model -
Efficient solution procedure - FRP-strengthened RC
membranes - Shear behavior

List of symbols

A, Area of concrete cross section

Arr Area of transverse FRP reinforcement
AL Area of longitudinal steel reinforcement
A Area of transverse steel reinforcement
E.  Young’s modulus of concrete

E;  Tensile Young's modulus of FRP

reinforcement
Es Young’s modulus of steel reinforcement
s Uniaxial compressive strength of concrete
fe Tensile strength of concrete
fir  Tensile siress in the longitudinal FRP
reinforcement

fst Tensile stress in the FRP reinforcement

frs Tensile stress in the transverse FRP
reinforcement

fru Ultimate tensile strength of the FRP
reinforcement
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Tensile stress in the longitudinal steel
reinforcement

Yielding stress of the longitudinal steel
reinforcement

Tensile stress of steel reinforcement
Uniaxial yielding stress of steel reinforcement
Tensile stress in the transverse steel
reinforcement

Yielding stress of the transverse steel
reinforcement

Apparent yielding stress of the embedded steel
rebars

Factor for FRP/steel stiffness ratio

Factor for FRP wrapping scheme

Index for the step of the calculation procedure
Shear stiffness in the cracked stage
Longitudinal proportionality coefficient
Shear proportionality coefficient

Transverse proportionality coefficient

Angle of the principal compressive stresses in
the FRP-strengthened RC membrane element
Angle between the L-T and R-D coordinate
systems

Path increment for &p

Strain corresponding to f7

Tensile strain corresponding to the tensile
strength of concrete

Ultimate strain [or concrele in compression
Principal compressive strain

Strain in the longitudinal FRP reinforcement
Strain in the FRP reinforcement

Ultimate strain for sleel reinforcement

Strain in the transverse FRP reinforcement
Ultimate strain for FRP reinforcement
Longitudinal strain

Yielding strain of the longitudinal steel
reinforcement

Principal tensile strain

Strain in the steel reinforcement

Transverse strain

Yielding strain of the transverse steel
reinforcement

Strain corresponding to f;

Shear strain

Shear strain corresponding to 7,

Softening coefficient

Softening coefficient accounting for the FRP
reinforcement

ps  FRP reinforcement ratio in the principal
direction of tensile stresses

p.  Longitudinal steel reinforcement ratio

ps  Longitudinal FRP reinforcement ratio

ps  Steel reinforcement ratio

Pse  Steel reinforcement ratio accounting for the
FRP reinforcement

pr Transverse steel reinforcement ratio

prr  Transverse FRP reinforcement ratio

al Principal tensile stress in the FRP-strengthened
RC membrane element

o>  Principal compressive stress in the FRP-
strengthened RC membrane element

op  Principal compressive stress in the concrele
membrane element

or  Longitudinal normal stress in the FRP-
strengthened RC membrane element

o  Longitudinal normal stress in the concrete
membrane element

or  Principal tensile strain in the concrete
membrane element

or Transverse normal stress in the FRP-
strengthened RC membrane element

o1 Transverse normal stress in the concrete
membrane element

T Cracking shear stress

Ty Shear stress in the FRP-strengthened RC
membrane element

17 Shear stress in the concrete membrane element

T Shear strength stress {ultimate)

1 Introduction

In the last 3 decades, externally bonded fiber rein-
[orced polymers (FRP) systems have been widely used
as a rehabilitation and strengthening technique for
existing reinforced concrete (RC) structures. When
compared with other strengthening systems, FRP
systems show several advantages, such as resistance
to corrosion, ease of application, high strength and
high stiffness [1, 2].

Well-established analytical models are already
available lo analyze and design FRP-strengthened
beams and columns under flexural and axial-confine-
ment actions [1, 2]. For FRP-strengthened RC mem-
bers with predominant shear behavior it is recognized
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that the behavior is far more complex than unstrength-
ened RC members. This is because of the higher
complexity of the failure mechanisms and failures
modes that are associated with the behavior of such
members [3]. Available analytical models for predict-
ing the behavior of FRP-strengthened RC members
under predominant shear still present large scatters
when compared with experimental results [4].
Because of this, experimental and analytical studies
on the behavior of FRP-strengthened RC members
under predominant shear are still reported in the recent
literature [4-9].

Among the analytical models used to predict the
behavior of structural concrete members, the truss
approach has been widely used. Such models allow to
easily identify the contribution of each material
component constituting the member and also how
the stress fields develop and evolve in the cracked
stage. In addition, recent truss models evaluate the
stresses and strains on the member on average along a
sufficient length to include several cracks, instead of
evaluating them locally. This is achieved by using
smeared relationships for the materials, calibrated
experimentally, which account for multiaxial stress
states, damage and also the interaction between the
material components. Because of this, such truss
models provide simpler formulations, even for non-
linear problems, which are easier to implement in a
computer with basic programming languages.

Two dimensional (2D) concrete members are
widely used in practice. In many applicalions, such
as shear walls and shells, such members are mainly
under in-plane stresses and behave as membrane
elements, To model their behavior, such members can
be viewed as the union of small 2D membranes [10].
In previous studies, such small members have been
successfully modeled with reliable softened truss
models, which account for the softening effect in the
compressive concrete struts due to the biaxial tension—
compression stress state.

Based on several experimental data from controlled
tests performed with the Universal Panel Tester [11]
on representative RC and prestressed concrete (PC)
panels at the university of Houston, three analytical
models were successively developed and refined. The
first one is the so-called Rotating-Angle Softened
Truss Model (RA-STM) [12]. This model idealizes the
resistance mechanism of membrane elements as a
nonlinear plain truss model, where steel bars resist to

axial tensile stresses and concrete resists to compres-
sive stresses. The equations are derived following the
three Navier’s principles of mechanics: equilibrium,
compalibility and constitutive laws (stress (o)—strain
(¢) relationships). The RA-STM allows the direction
of the principal compressive stresses in the concrete
member to rotate. This is because experiments showed
that after cracking the direction of principal stresses
rotates as a result of the internal stress redistribution
and deformation compatibility. From that time, the
RA-STM was being refined to incorporate refined and
smeared g—¢ relationships for the materials [13-15].
The RA-STM neglects the contribution of concrete in
shear because both equilibrium and compatibility
equations are wrillen with respect o a rotating
reference frame which coincides with the principal
directions of internal stresses in the concrete member.
To include this contribution, the equations were
rewritten with respect to a fixed reference frame
which coincides to the principal directions of the
external stresses applied to the RC member. A new
smeared shear stress (7)-shear strain (y) relationship
for concrete in shear was calibrated from experimental
results and incorporated into the model [16, 17]. The
new model was called fixed-angle softened truss
model (FA-STM). Latter, the Poisson’s effect in the
cracking stage was incorporated through the so-called
Hsu/Zhu ratios, which where calibrated from exper-
imental results [18]. This allowed the new model,
called softened membrane model (SMM), to predict
much belter the post-peak response stage [or both RC
and PC membrane elements.

Recently, the SMM was extended to FRP-strength-
ened RC membrane elements [4, 19]. For this, specific
sets of experimental tests were performed with FRP-
strengthened members. From the obtained results, the
smeared constitutive relationships for the materials
and the Hsu/Zhu ratios were corrected to properly
account for the inleraction between the materials
components, including the FRP reinforcement
[19-21]. In addition, the equilibrium equations were
modified to also incorporate the contribution of the
FRP reinforcement. The new model was called SMM-
FRP and it was validated against some experimental
results with FRP-strengthened RC panels under shear
14, 9].

The formulation and the calculation procedure of
the RA-STM is simpler when compared with the other
referred models. In addition, the model showed to be
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sufficiently reliable to predict the full response of RC
membrane elements [12, 14]. For these reasons, the
RA-STM still continue to be used by other authors as
based-model, including for other structural members
[22-25]. In addition, in previous studies the RA-STM
has also been successfully refined in order to provide
better predictions and also increase the numerical
efficiency and stability of the calculation procedure for
both RC and PC membrane elements [26-28]. The
calculation procedure of the original versions of the
RA-STM, as well as for the other referred models, is
based on a trial and error technique, which may
require a large calculation effort and lose numerical
efficiency. In addition, such calculation procedure
may require a large number of required estimated
parameters to start the calculations. To solve these
drawbacks, recently the RA-STM was reformulated as
a syslem ol nonlinear equations with constraints,
which can be solved using an optimization algorithm
instead of using the trial and error technique [27, 28].
The new version of the RA-STM, called “efficient
RA-STM procedure” showed to be numerically very
efficient and stable. The model also showed to predict
well the full response of both RC and PC membrane
elements.

In this article, the RA-STM is extended to FRP-
strengthened RC membrane elements. For this, the
smeared constitutive relationships for the materials are
modified according to the proposals of previous
studies [20, 21], in order to account for the interaction
between the FRP reinforcement and the other material
components (concrete and steel reinforcement). The
equilibrium equations are also modified to include the
contribution of the FRP reinforcement. In addition, an
efficient calculation procedure is proposed which
allows to avoid using the classical trial and error
technique to compute the solution points. The new
model, called “efficient RA-STM FRP procedure”™ is
checked against some experimental results available
in the literature, related with FRP-strengthened panels
under shear, and also against the predictions from the
SMM-FRP for comparison. In general, reasonably
good agreement is observed between the predictions
from the efficient RA-STM FRP procedure and the
SMM-FRP, and also with the experimental results
from FRP-strengthened RC panels under shear.
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2 Efficient RA-STM procedure for FRP-
strengthened RC membrane elements

In this section, the efficient RA-STM procedure for
RC membrane elements is extended for FRP-strength-
ened RC membrane elements. The modification of the
equations and the efficient calculation procedure are
presented with some details. More information about
the derivation of some fundamental equations from the
RA-STM can be found in previous studies [10, 12]. As
for the previous versions of the model, in this study it
is also assumed that perfect bond exists between steel /
FRP reinforcement and concrete, and dowel action in
the steel rebars is neglected.

2.1 Equilibrium and compatibility equations

Figure 1 illustrates a FRP-strengthened RC membrane
element under in-plane stresses (normal stresses o,
or and shear stress 7.7). The longitudinal (L)-
transverse (T) coordinate system corresponds (o the
direction of longitudinal and transverse reinforcement.
Both the FRP-strengthened RC membrane element
and the in-plane stresses (ay , o and 7;1) in Fig. 1 can
be viewed as the superposition of the following
components: concrete element with in-plane stresses
(o], o7 and 1f), steel grid element with in-plane
normal stresses (p; fi and pyfr) and FRP strip element
with in-plane normal stresses (ppfis and prefre). In
Fig. 1, p stands for the reinforcement ratio (see
footnotes in Table 1) and f stands for the normal
stress in both steel and FRP reinforcement. From
Fig. 1, three equilibrium equations for stresses can be
wrilten in the L-T coordinate system as follows:

oL a pufi pLifis
or | = | 0% | + [ pofr | + | prfrr (1)
TL1 TiT 0 0

For the concrete element, the in-plane stresses in the
L-T coordinate system can be related with the
principal stresses (or and op) and the variable angle
op between the L-T and R-D coordinate systems (see
Fig. 2) as follows:
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Fig. 1 Stress diagrams for FRP-strengthened RC membrane element
Table 1 Variables of reference panels and material properties [9, 19]
Panel i 2ogry fuy  PLa iy e iy Es e Ju Ep
name (MPa) (%) (%) (%) MPay (%) (MPa)  (GPa) (%) (MPa)  (GPa)
P3-025-FW 51 0.24 0.35 0.76 462 043 459 190 054 827 82.7
P3-040-Fw 50 0.24 0.35 0.76 462 043 459 190 0.87 876 724
P4-025-FW 45 23 0.35 0.76 462 0.76 462 190 0.54 827 82.7
P4-040-FW 52 0.24 0.35 0.76 462 0.76 462 190 0.87 876 724
P4-080-FW 54 0.24 0.35 0.76 462 0.76 462 190 1.74 876 724
P4-040-SB 44 0.23 0.35 0.76 462 0.76 462 190 0.87 876 724
P4-025-FA 52 0.24 0.35 0.76 462 0.76 462 190 0.54 827 827
P4-040-FA 52 0.24 0.35 0.76 462 0.76 462 190 0.87 876 724

(1) Computed from Burocode 2 [301; (2) p;, = ArfA; pp = Ar/Ac; prr = Are/Ac

sin*(an)
cos?(ap)
sinfap ) coslap )

2sinap) cos(ap) o
—2sin(op) cos(up) | | or

cos?(ap) — sin*(zp) | | 0
(2)

As for the stresses, the average strain components in
the L-T coordinate system (&L, &r and y,p) can be
related with the principal strains (eg and ep) and the
variable angle oy as follows:

] cos” (ap)
o | = sin(op)
T — sin(ap ) cos(ap)

TT
1 0'2 | 2

\\ At
\f++:-\
\ f+++++\ /

Congrete clement

FRP-strengthened
RC element

Fig. 2 Principal directions of stresses

cos*(p) sin*(ap) 2sin(ap) cos{op) £
\1112(-1[,) cns:(xnj —2sin{z ) cos{up) R

B9
| =
T —2sin(up ) cos(up)  2sinfep)cos(on)  2c08%{up) — 2sin(op) | [ 0
(3)

In addition, from Mohr's circle for strains, the

following invariant equation can be stated:
Eg = &L T o1 —&p (4)

Equations (3) and (4} represent the four compatibility
equations of the RA-STM.

2.2 Constitutive laws for the materials

In this study, the same smeared constitutive laws
previously used and justified [or the efficient RA-STM
procedure for RC and PC membrane elements are used
[27, 28], namely for concrete in compression, concrete
in tension and steel rebars in tension. Based on the
proposals from previous studies [20, 21], these
smeared constitutive laws are modified for this study
to account for the interaction between the tensile FRP

PIEm
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reinforcement and the other material components. In
addition, a new constitutive law for the tensile FRP
reinforcement needs to be incorporated to compute the
stresses from the strains.

2.2.1 Constitutive laws for concrete

For concrete in compression, the smeared softened o—¢
relationship firstly proposed by Belarbi and Hsu in
1995 [13] and refined latter by Zhu et al. in 2001 [29]
(Egs. 5a-5b) is used. The softening coefficient { from
Zhang and Hsu in 1998 [14] and refined by Zhu et al. in
2001 [29] (Eq. 6) was modified with the correction
factor f(FRP) proposed by Yang et al. in 2017 [21]
(Eq. 9) to account for the influence of the FRP
reinforcement. In addition, the ratio # of the transverse
to the longitudinal tensile strength of reinforcements
(Eqs. 7-8) must also be modified to account for the
tensile strength of the FRP reinforcement.

2
4 in &n -
f
op = {rrefe 2(« ) - (7) if &p < {prpey
GFRPEO SFRPE)

(52)

g (en/Lrrpto) — 1\7| . .
op = Cprefy |1 — W if &p > (prpto

(5b)

EFRI‘ = é f(FRP)

5.8 ) 1
2 <09 —

f MP' - 400¢er
(V-ﬂ (MPa) 1+ e

- f(FRP)

(6)

s prfry + profr — o1 (7)
Py + prif — oL
K =n if <1

(8)

1
== if p>1
f

F(FRP) = 1+ 0.0076+/p;E; (MPa) 9)

The meaning of the new parameters included in the
previous equations are the following ones: f! is the
uniaxial compressive strength of concrete, ¢ is the
strain corresponding to the peak stress (f), fr, is the
tensile failure stress of FRP reinforcement, p; is the
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FRP reinforcement ratio and Ey is the tensile Young’s
Modulus of FRP reinforcement.

For concrete in tension, the smeared softened o—¢
relationship proposed by Belarbi and Hsu in 1994 [15]
(Egs. 10-13) was also used for this study. This
relationship proved to be adequate to be used in truss
models for RC members under shear, in order to
account for the contribution of the tensile concrete
[12, 14, 18]. In the original relationship, the exponent ¢
in Eq. (10b) was equal to 0.4. For this study, this
parameter was modified according to Yang et al. in
2015 [20] to account for the influence of the FRP
reinforcement and is given by Eq. (14). Factor K,
(Eq. 15) accounts for the effects of wrapping scheme,
while factor Ky (Eq. 16) accounts for the FRP to
steel stiffness ratio.

op = Ecer if ep <éor

¢
Eor ’
OR :fcr (_) if & > &
ER

E. = 38754 /f! (MPa)

{10a)

(10b)

b = 0.00008 (12)
for = Ecter = 0311, [f1(MPa) (13)
¢ = KyKe)s (14)
K, = 1 (fully wrap or U-wrap with anchors) (15a)
K, = 1.6 (Side bond or U-wrap) (13b)
Kgje = 0.25 (2—2) +0.15 (16)

In the previous equations, the new parameters are: E;
is the Young's Modulus for concrete, &, is the tensile
strain corresponding to the peak stress f, (concrete
tensile strength) and py is the steel reinforcement ratio.

2.2.2 Constitutive laws for reinforcement

For steel rebars in tension embedded in concrete, the
simplified smeared bilinear o—¢ relationship proposed
by Pang and Hsu in 1995 [12] (Egs. 17-20) is used. To
account for the influence of the FRP reinforcement on
the increase of the apparent yielding stress f;,, which
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represents the observed reduced yielding stress due to
the stiffening effect, Yang et al. in 2015 [20] proposed
to substitute the steel reinforcement ratio (pg) in
Eq. (20) by a new ratio, the so-called reinforcement
ratio pg, (Eqs. 21-22).

o i
Js = Eges 1l g5 <é, (17a)

fs = (091 — 2BN)fs, + (0.02

T 0.25BN)Eses it o5 > ¢, (17b)
1!
sy 18
£ = (093 - 2BN)f, (19)
: 15
BN = - (f—) 20)
Pse fSy
Pse = Ps T Nejsps (21)
Ef
s (e 22
N /s B ( )

In Eqs. (17)-(22), fs and g are the average tensile
stress and strain of the steel reinforcement, respec-
tively, fs, is the yielding stress and Eg is the Young’s
modulus for steel. Subscript “S” is replaced by “L”
and “T” for longitudinal and transverse steel rein-
[orcement, respectively.

For FRP reinforcement a smeared linear o—e
relationship is used, as proposed by Yang et al. in
2015 [20] (Eq. 23).

fsit = Eyesr if esr <epy (23a)

Jsr =0 il g > gpy (23b)

In the previous equations, fs and &gy are the average
tensile stress and strain of the FRP reinforcement,
respectively, &g, is the ultimate strain corresponding Lo
fi from Hooke's law. As for the steel reinforcement,
subscript “S” is replaced by “L” and “T” for
longitudinal and transverse FRP reinforcement,
respectively.

2.3 Equations for proportional loading
For this study it is assumed that the ratios between the

applied in-plane stresses are constant throughout the
loading history. This loading condition is known as

proportional loading. The following three proportion-
ality coefficients are defined: longitudinal (my),
transverse (mr) and shear (my1) proportionality coef-
ficients (Eqs. 24-26). These coefficients relate the
applied in-plane stresses in the L-T coordinate system
(o1, o7 and 7o) with the principal tensile stress (a1) in
the FRP-strengthened RC membrane element in the 1-
2 coordinate system (direction of principal applied
stresses, see Fig. 2).

oL

—— 24
HiL, o1 ( )
aT
= 25
= (25)
3%}
i 26
LON p ( )

Substituting the applied in-plane stresses in the L-T
coordinate system (g1, o7 and 1) from Eqs. (24)-
{26) into the equilibrium equations (Eqs. 1-2), gives:

mior — pufi. — puefis = o cos (op) + o sin’(sp)
(27)

mray — pyfr — pryfrr = o sin® (o) + or cos® (ap)
(28)

mra) = (—ap + ag) sinfap Jcos(ap) (29)

Equations (27) and (28) can be combined into one
single equation (Eq. 30) as follows: rewrite Eqs. (27)
and (28) using the trigonometric identity sin*(xp) +
cos*(2p) = 1 and multiply both equations member by
member.

(—mLor + or + pufi + prgfie)
(=mray + or + prfr + prefe) (30)

= (o — op)*cos*(ap) sin*(arp)

Next, Egs. (29) and (30) can be combined into one
single quadratic equation, Eq. (31), with coefficients
given by Egs. (32)-(34) as follows: square both
members of Eq. (29) and equate the left member with
the left member of Eq. (30), expand the resulting
equation and rearrange terms considering the principal
tensile stress g in the FRP-strengthened RC mem-
brane element as the independent variable.

PIEm

80



42 Page 8 of 16

Materials and Structures (2021)54:42

Aot —Bo+C =0

A= mymy — mj, (32)
B = my(or + prfr + prifie)

+mr(or + pufi, + puihis) (33)
C' = (or + pufi + prcfis)(or + prft + profi)

(34)

The solution equation for Eq. (31) is:

B+ VB2 —4A'C!
0 = ———F——— (35)

24

From Mohr’s circle for stresses, the principal tensile
stress op in the FRP-strengthened RC membrane
element (Fig. 2) can easily be related with the stresses
in the L-T coordinate system (Fig. 1} as follows:

oL +0r (O'L—UT

2 ~
g = 5 5 ) 18y (36)

2.4 Efficient solution procedure
2.4.1 Additional equations

Solving Eq. (29) for the principal compressive stress

op in the concrete membrane element (Fig. 2) gives

Eq. (37). Substituting op from Eq. (37) into Eqs. (27)

and (28), and solving for the stresses in the longitu-

dinal (fi) and transverse (fy) steel reinforcement,

respectively, gives Egs. (38) and (39).
—/MLT0]

ap =

~ sin(ep) cos(ap) )

 —apcos?(ap) — o sin*(op) + mLoy — pris

L=
AL
(38)
S —ap sin’(ap) — og cos” (ap) + mray — prefir
T o
Pr
(39)
Using the trigonometric identity  sin*(ap) +

cos*{ap) = 1 in the two first compatibility equations
(Eq. 3) allows to write the variable angle oy (Fig. 2) as
function of the strains in both L-T and R-D coordinate
systems with Eqgs. (40) or (41). The principal tensile

81

strain ¢g can be eliminated to calculate the variable
angle ap by dividing Eq. (40) by Eq. (41), giving
Eq. (42).

sinz(ocl)) = zL — ZD (40)
R~ &D
cos?(op) = Z :'ZE (41)
B, — ¢
tan”(ap) = FL FD (42)
T — &p

2.4.2 Residual function for the initial estimates

As for the previous versions of the model [27, 28],
average strains ép, ¢, and &r are chosen to be the
initial estimates to starl the efficient RA-STM FRP
procedure. Usually, the initial estimates are assumed
with arbitrary values. In this study, they are computed
by using the Mohr compatibility truss model
(MCTM), which apply to a RC membrane element
with elastic and linear materials [10].

For simplicity, both the tensile concrete and FRP
reinforcement are neglected at this initial stage. Using
Hooke's laws for the remaining material components
(op = Ecép, fL = Eser and fr = Eser) in Egs. (37)-
(39) and solving for the average strains, the following
equations lor the initial estimates can be wrillen:

—IMpT0]
= 43
Hl E, sin(ap) cos(ap) 43)
6 (mL + mLT COl(O{D))Gl (44)
Espy,
o 23 (mr + myr tan{ap)) oy (45)

Espy

From Eq. (42), after rearranging terms, a nonlinear
residual function (Fgragr{2p)) can be defined
(Eq. 46), where the strains are defined from the
previous equations. This residual function is set to
zero and the resulting equation (Eq. 41) is numerically
solved for the angle oy which minimizes Fgragy. This
initial angle is then used to compute the initial
estimates &p, &, and ey using again Eqs. (43)-(45),
which are used to start the efficient RA-STM FRP
procedure, as explained bellow.
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LT (o) (46)

Fstart(op) = o
T — ED

Fsragr(op) = 0 (47)

2.4.3 Residual functions for the efficient RA-STM
FRP procedure

Following the previous versions of the model [27, 28],
the average strains &, and £; are chosen to be the
primary variables. For this, two nonlinear residual
functions are needed to be set. For the first one

(F{&_STM(EL, er), Eq. 48), the following steps are
performed: Eqgs. (27) and (41) are added to form a new
equation, then Egs. (40) and (41) are substituted in the
new equation and terms are rearranged. Similarly, for
the  second  nonlinear  residual  function

(FS)_opy(eL,er), Eq. 49): Egs. (28) and (40) are
added to form a new equation, then Eqs. (40) and (41)
are substituted in the new equation and terms are
rearranged. Both nonlinear residual functions are set to
zero to form a system of two nonlinear equations
(Eq. 49) which are solved to compute the average
strains &, and ¢r as the values which minimize both

{1) 2)
Fra_su(ev er) and Fri gy(er, er).
(1 o
kai S'I'M("’L:b'l‘)}

(2) .
Fra S’rlvl("'LaﬁT)

ér —é&p &, —ép
ap +or —mLoy + prfL + prfie
o &R —&p ER — ED
- &, — &p &T — &
op + o —mro1 + pyfr + prefre
&R —&p ER — &D

(48)

Faa_stm{eLs ér) 0

2.4.4 Calculation procedure and algorithm

Figure 3 illustrates the flowchart for the efficient RA-
STM FRP procedure. To start the calculations, some
initial data must be specified by the user, including the
path’s increment Ag [or the strain ep. Next, alter
defining the loading condition, for s% = Agp (with
superscript k = 0 representing the number of the step)
the initial estimates (), &) and &}), are computed from

the solution parameter op (Eq. 47). These initial
estimates allow to compute the first solution point.
Then, the efficient RA-STM FRP procedure is started.
For each step and for each incremented strain
:—:’B“ = z»:’[‘) + Aép, the primary variables g and ey are
computed as the solutions parameters of Eq. (49). For
each step, the initial point is defined as the solution
point from the previous one.

The calculation procedure stops when one of the
following failure criteria for the materials is reached:
for concrete in compression when the strain & is
higher than the ultimate value (e’f;f] > &); for FRP in
tension when the strain ¢ is higher than the ultimate
value (e?,i?+l > &), or steel reinforcement in tension
when the strain gg is higher than the ultimate value
(nfg*] > g4, For &, and &, conventional values were
defined from Eurocode 2 [30]. The value for &, was
computed from Hooke’s law as stated in Sect. 2.2.2.
Since the efficient RA-STM FRP is a smeared model,
as for the SMM-FRP, the local failure of the FRP
reinforcement, other than the uniaxial tensile failure
{for instance, FRP debonding of FRP anchorage
failure), is not captured. Hence, such failure mode
was not considered in the proposed model.

In this study, a code in MATLAB [31] was
implemented to compute the solutions points with
the efficient calculation procedure. Equations (47) and
(49) were solved with the least squares method using
the MATLAB function Isgnonlin.

3 Comparative analysis

In this section, the predictions from the refined
efficient RA-STM FRP procedure for the response of
FRP-strengthened RC membrane elements are com-
pared with some experimental results found in the
literature and also with the predictions from the SMM-
FRP for comparison. The experimental results came
from 8 FRP-strengthened RC panels tested under pure
shear with the Universal Panel Tester at the University
of Houston [9, 19]. These experimental results were
the only ones found in the literature and related with
the testing of FRP-strengthened RC membrane ele-
ments under controlled proportional loading until
failure.

It should be referred that experimental results of
some FRP-strengthened RC panels tested under
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Y

Initial data:
PriPri PPy Est fy: S Ep
Bkl ] 1 i B8,

v

Preliminary calculations:
&y =I5/ Es: 0, Eq.(36)
m, ; my ., m; Eq. (24)-(26)

v

Solve:
Fo (@) =0 Eq.(47)
Calculate:
£, &5 & Eq.(43)-(45)

v

Initial point:

e T e
=8y & =8y B =80 B=

Solve:
B oils:8)=0EBg (l0). for £ =5, ,

1
ED

e o P
using &, and & as initial point

v

Calculate:
& Eq. (4); o, Eq. (10); gm Eq. (6): 0, Eq. (5); for Eq. (17);
fU'fo Eq. (23); 4'.B'.C" Eq. (32)-(34): o, Eq. (35)

v

Increase: k=k+l

k+
&' =& +Ag,

Fig, 3 Flowchart for the efficient RA-STM FRP procedure

83



Materials and Structures (2021)54:42

Page 11 of 16 42

sequential loading can also be found in the literature
[21]. These experimental tests aimed to calibrate the
constitutive laws for the materials. These experimental
results were not used in this study because the panels
were not tested under proportional loading.

The experimental results from the tests under
proportional loading were also used by Zomorodian
et al. in 2017 [4] to check the SMM-FRP. As
illustrated in Fig. 4, the panels were tested under
symmetrical biaxial stresses in the 1-2 coordinate
system (g3 = —¢y), with steel and FRP reinforce-
ments oriented at 45°. As a consequence, all panels
were tested under pure shear in the L-T coordinate
system {(op = oy = (, see Fig. I). All panels have
sizes 1398 x 1398 x 178 mm and FRP reinforce-
ment was only applied in the transverse direction of
the L-T coordinate system. FRP reinforcement con-
sisted of external FRP sheets composed of unidirec-
tional carbon fibers attached on the two opposite
surfaces of the panel specimens (Fig. 4). The FRP
strips had a width of 144 mm and were spaced
188 mm between center to center. Two internal layers
of steel reinforcement were used. The steel reinforce-
ment consisted of grade 60 deformed bars with cross-
sectional areas of 71 mm® (#3 rebar) and 129 mm? (#4
rebar) spaced at 188 mm in both L and T directions
(Fig. 4). The studied variables were the FRP rein-
forcement ratio, the FRP wrapping scheme and the
transverse steel reinforcement ratio.

Table 1 summarizes the main variables of the
reference panels and material properties which are
needed for the efficient RA-STM FRP procedure. All
presented parameters were already defined in the
previous sections. The panels were identified accord-
ing to their original name PX-Y-Z, in which P stands
for Panel, X stands for the transverse rebar size (Nos. 3
and 4), Y stands for the FRP thickness (0.025, 0.040
and 0.080 in., with 1 in. = 25.4 mm) and Z stands for
the FRP wrapping scheme (fully wrap—FW, side
bond—SB and U-wrap with FRP anchors—FA).

The response of each reference FRP-strengthened
RC panel from Table 1 was computed using the
efficient RA-STM FRP procedure presented in the
previous section. Such results are compared with the
experimental curves reported in [9, 19] and also with
the theoretical predictions from the SMM-FRP
reported in [4, 19].

Figure 5 presents the experimental and theoretical
shear stress (tpy)-shear strain (y;p) curves for the

T

FRP layout

Rebar layout

Fig.4 Loading condition and reinforcement layout of reference
test panels

reference FRP-strengthened RC panels from Table 1.
Two theoretical curves are presented for each panel for
comparison. The first one was computed with Lhe
efficient RA-STM FRP procedure presented in this
study (Eff. RA-STM FRP). The second one was
computed with the SMM-FRP and drawn from the
theoretical curves presented in [4, 19].

Figure 5 shows that, in general, the theoretical
LT — Jp curves from the efficient RA-STM FRP
procedure are in good agreement with the same ones
from the SMM-FRP up to the maximum shear stress.
For the SMM-FRP, the descending branch of the
curves is generally much longer and, for some panels,
follows better the experimental curves. This is because
the SMM-FRP, as for the original SMM and unlike the
RA-STM, incorporates the so-called Hsu/Zhu ratios to
account for the Poisson’s effect after cracking. As
explained by Hsu and Zhu in 2002 [18], this refine-
menl allows the model o predict better the post-peak
behavior of RC and PC membrane elements under
shear. However, for design this feature is not so
important and, for this reason, the elficient RA-STM
FRP procedure can be also considered a reliable
model, despite o being simpler.

Figure 5 also shows that the efficient RA-STM
FRP, as for the SMM-FRP, captures well the global
response of the reference panels, including the tran-
sition from the uncracked to the cracked stage. For
some panels, the most striking observed differences
hetween the theoretical and experimental curves,
namely at the ultimate stage, were previously
explained by Zomorodian et al. in 2017 [4] for the
SMM-ERP. Such explanations are also valid for the

efficient RA-STM FRP.
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Table 2 Comparative analysis
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Panels P3-025-FW and P3-040-FW have the
smaller steel reinforcement ratio in the transverse
direction (pp = 0.43%). The maximum shear stresses
for these panels were predicted to be higher that the
experimental ones. This occurred because, for sim-
plicity, the effect of very different steel ratios in both L
and T directions was neglected to establish the
correction factor f(FRP) (Eq. 9) used to compute the
softening coefficient {mrp (Eq. 6) in order to account
for the interaction with the FRP reinforcement. When
the steel reinforcement ratio decreases, the compres-
sive concrete in the struts sustain less stress and suffer
less damages. As a consequence, the concrete contri-
bution increases [18]. This explains the differences
between the theoretical an experimental maximum
shear stresses for panels P3-025-FW and P3-040-FW.
For the majority of the other panels, with equilibrated
steel reinforcement ratio in both longitudinal and
transverse directions (p, = pr = 0.76%), the predic-
tions of the maximum shear stresses agree better with
the experimental ones.

As stated in Sect. 2.4.4, as for the SMM-FRP, the
efficient RA-STM FRP is a smeared model. Therefore,
the local failure of the FRP reinforcement, other than
the uniaxial tensile failure, is not captured. Panels P4-
(040-SB and P4-025-FA suffered a premature debond-
ing and anchorage failure of the FRP reinforcement,
respectively [9, 19]. For these reasons, the maximum
shear stresses of these panels were predicted to be also
higher that the experimental ones.

Table 2 presents, lor each reference panel, the
experimental and theoretical values for some key values
and properties of the ot — y.r curves considered
important for design, namely: the cracking shear

eff. RA—STMFRP

i , shear stiffnesses in

keff .RA—STMFRP
S.th

SEIESSES Tepexp and 7

the cracked stage kgexp and , peak

shear stresses (ullimate values) 7,e, and
e RP 1

ol RA=SIMERP ©and  the  corresponding  shear
g _QTMERP 4

SITAIns 7,0, and yELRATS™MIRE The ratios of the

experimental 1o the theoretical values are also

ff.RA—STM ff RA—STM
presented  (Terexp/ Topiy o ks exp /K ;

ffRA-STM ooff RA=STM

Tuexp/ Toth and 9y exp/ Virth ). Although a
limited number of panels was studied, Table 2 also
presents, for each ratio, the mean (X), standard
deviation (s) and coefficient of variation (cv). The
very small shear strains corresponding to the cracking
shear stresses were not included in Table 2 because it

PIEm
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was not possible to obtain accurate values from the
experimental 7,y —7;p curves. The shear stiffness in
the cracked stage was estimated as follows. Firstly, the
points of the 7 —7, curves lying on the approxi-
mately linear part of the ascending branch after
cracking were retained. Then, a straight line from a
linear regression of the referred points was computed.
The slope of this straight line represents the shear
stiffness in the cracked stage.

The results from Table 2 show thal the efficient RA-
STM FRP procedure is able to predict very well the
cracking shear stress 7., (x = 1.041) and with a very
low degree of dispersion (¢v = 2.66%). For the shear
stiffness in the cracked stage ks, the predictions of the
model seems to be slightly overestimated (¥ = 0.908)
and the degree of dispersion is somewhat high
(cv = 28.81%). This last result is in agreement with
previous studies on RC and PC membrane elements
[27, 28].

Also from Table 2, it can be observed that the
efficient RA-STM FRP procedure predicts well the
ultimate shear stress 7, (x = 0.921), although it seems
to be slightly overestimated, and with a low degree of
dispersion (cv = 7.67%). For the ultimate shear strain
7. the predictions seem to be also slightly overesti-
mated (x = 0.914). However, as for the shear stiffness
in the cracked stage, the degree of dispersion is high
(cv = 40.55%). This last result is also in agreement
with previous studies [27, 28].

The previous results are somewhat affected by
Panels P3-025-FW, P3-040-FW, P4-(40-SB and P4-
(025-FA, as previously discussed, namely as [ar as the
ultimate shear stresses and the ultimate shear strains
are concerned. If such panels are disregarded, the
following statistical parameters are obtained for the
ultimate parameters: ¥ = 0.973 and ¢v = 6.13% for
the ultimate shear stress (t,), x = 1.173 and ¢v =
30.45% for the ultimate shear strain (y,). While for the
ultimate shear stress the predictions are improved, as
expected, for the ultimate shear strain no substantial
improvement is observed. In general, smeared truss
models show difficulties to predict well the deforma-
tions at the ultimate stage, however such drawback is
not very important for design.

4 Conclusions

In this article, the RA-STM was extended to FRP-
strengthened RC membrane elements. The new model
was called efficient RA-STM FRP procedure. For this,
both the equilibrium equations and the smeared
constitutive relationships for the materials were mod-
ified to account for the contribution of the FRP
reinforcement. In addition, an efficient calculation
procedure was implemented in order to avoid using the
classical trial and error technique to compute the
solution points. The predictions from the efficient RA-
STM FRP procedure where compared with some
experimental results and also with the predictions
from another theoretical model. From the obtained
results, the [ollowing conclusions can be drawn:

e The predictions from the efficient RA-STM FRP
procedure showed to be in good agreement with the
same ones from the SMM-FRP up to the maximum
shear stress. This show that, is spite being a simpler
model, the efficient RA-STM FRP procedure
captures well the most important features of the
response of FRP-strengthened RC membrane ele-
ments under shear;

o As for the SMM-FRP, the efficient RA-STM FRP
procedure showed to predict reasonably well the
experimental response of FRP-strengthened RC
panels under shear for all loading stages, namely
the maximum shear and the transition between the
uncracked to the cracked stage. This is particularly
true for FRP-strengthened RC panels with equili-
brated longitudinal to transverse steel reinforce-
ment ratios and also for panels without local failure
of the FRP reinforcement.

¢ Unlike previous theoretical models, such as the
SMM-FRP, which incorporates a trial and error
technique and a large number of initial estimates,
the efficient RA-STM FRP procedure allows to
compute the full response of FRP-strengthened RC
membrane elements with high numerical effi-
ciency and stability. In addition, the calculation
procedure is easier to implement and require less
calculation effort.

Finally, it should be referred that the previous
conclusions were based on a limited number of
comparative analyses with experimental results, and
only for FRP-strengthened RC panels under shear. In
addition, the results in this study help to support the
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need to calibrate better the constitutive material’s laws
to be used in smeared truss models to simulate such
structural members. For this reason, additional studies
on this subject and also additional experimental results
are still needed, including with FRP-strengthened RC
panels under more general in-plane stresses.

It should be also referred that, in the present form,
the efficient RA-STM FRP procedure is limited to the
study of the local behavior of RC membrane-type or
wall-type structuresfmembers externally bonded with
FRP sheets, such as local parts of webs in shear beam
or shear walls with uniform in-plane loading and
reinforcement layout. However, the equations for the
efficient RA-STM FRP procedure can also be used to
implement the model into a non-linear finite element
program, which can be used to study the global
response of RC membrane-type or wall-type struc-
tures. For instance, such a development of a smeared
truss model was successfully performed with the
SMM [10].
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Capitulo 7

Modelo eficiente de trelica com
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In this article, a recent version of the rotating-angle softened truss model proposed by the authors, to compute the
full behavior of prestressed concrete membrane elements under in-plane stresses, is extended to prestressed steel
fiber concrete membrane elements. For this, the smeared constitutive relationships for the component materials
are modified to include the influence of the steel fiber reinforcement. In particular, a new smeared constitutive

relationship for steel fiber concrete in tension is incorporated in the model. The extended model, called efficient
rotating-angle softened truss model for prestressed steel fiber concrete, is checked against some experimental
results found in the literature and related with prestressed steel fiber concrete panels tested under shear up to
failure. It is shown that the proposed model is able to predict well the full behavior of prestressed steel fiber
concrete membrane elements for all loading ranges, including the influence after cracking of the steel fiber

reinforcement.

1. Introduction

Nowadays, it is well known that the addition of steel fibers highly
improves some mechanical key properties of concrete, namely the post-
cracking tensile performance, such as: tensile strength, ductility,
toughness and higher crack control [1,2]. Due to the bridging effect of
the fibers across the tensile cracks and to the confinement effect of the
fibers within the concrete matrix, steel fiber concrete (SFC) specimens
sustain significant post-peak load and deformation, while plain concrete
fails suddenly upon reaching the peak load [3,4]. Several recent studies
on the constitutive modeling of SFC have demonstrated the physical
mechanisms which explain the positive interaction between steel fibers
and concrete mainly in the cracked stage [5-7], including when con-
ventional reinforcement also exists [8]. It has also been reported that
SEC display good behavior in reinforced concrete members primary
under high shear loads [3,9-15], in particular both the shear strength
and ductility increase. This is important for many prestressed concrete
structures, such as: shear walls, box beams for girders in long span
bridges and nuclear containment vessels.

In addition to the benefits of prestressing, steel fiber (SF) reinforce-
ment has the potential to reduce or, in some cases, eliminate the need for

the conventional shear reinforcements (stirrups). This possibility allows
to reduce the time and labor cost associated with the fabrication and
placement of such reinforcement [16-18]. As example, this feature is
important for prestressed bridge girders with thin webs which carry high
shear loads. It was reported that, by using SFC, the shear capacity of
prestressed bridge girders with stirrups was increased, allowing to
reduce or replace conventional shear reinforcement [19,20]. In previous
studies, models have already been proposed to compute the shear
strength of beams accounting for the SF reinforcement, namely by using
softened truss model approaches [12,17,21,22] and nonlinear finite
element analysis [16,23,24].

For the referred structural members, many of their parts are mainly
under in-plane stresses and can be viewed as prestressed membrane
elements. Hence, such structural members can be viewed as the union of
smaller 2D membranes [25].

Among the analytical models used to predict the behavior of concrete
2D membranes, rational mechanic models based on the smeared-crack
concept (in contrast to the discrete-crack concept where the cracks are
evaluated locally), in the form of smeared truss approaches, have been
widely used. In such models, which satisfy Navier’s three principles of
mechanics of materials (stress equilibrium, strain compatibility and
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constitutive laws), the stresses and strains in the member are evaluated
along a sufficient length to include several cracks. Hence, smeared re-
lationships for the materials (experimentally calibrated) are used to
account for the effects due to the evolving biaxial stress state, namely the
damages and interaction between the material components, Such
models allow to easily account for the contribution and nonlinear
behavior of each material component, allowing to predict how the stress
and strain fields evolve after cracking. Rational models based on the
smeared-crack concept have been proposed by several authors during
the last decades. A review of some developments which leaded to some
smeared truss models is briefly presented below.

The first experiments on reinforced concrete (RC) panels under shear
showed that the compressive strength of concrete was reduced due the
existing biaxial compression-tension stress state, namely in the cracking
stage [26]. In order to quantify this “softening effect”, additional ex-
periments were performed by Vecchio and Collins in 1981 [27] and
1982 [28] in the so-called “shear rig” device. The obtained results
allowed the authors to quantify a softening coefficient to be incorpo-
rated in the compressive stress () - strain (&) relationship of concrete
and to develop the so-called compression field theory (CFT) for cracked
RC panels, which assumes that the direction of the principal compressive
stress rotates after cracking (rotating-crack model). Later, the CFT was
refined by the same authors to incorporate the concrete tensile stresses
in order to predict correctly the post-cracking stiffness. The new model
was called modified compression field theory (MCFT) [29]. Variants of
rotating crack models were also developed and proposed by other au-
thors [30-34].

Starting at the end of the nineties, several additional tests on RC and
PC panels were performed in the Universal Panel Tester at the University
of Houston, Based on the obtained experimental results, and in order to
correct some inconsistencies of the MCFT [35], Thomas Hsu and col-
laborators successively developed three smeared truss models.

The first model, called rotating-angle softened truss model (RA-STM)
[36-38], incorporated a new smeared o - ¢ relationship for steel bars
embedded in concrete. Such as for the MCFT, both equilibrium and
compatibility equations were written with respect to a rotating reference
frame which coincides with the principal directions of stresses in con-
crete. Hence, the resistance of concrete to shear was neglected. To cor-
rect this issue, the second model called fixed-angle softened truss model
(FA-STM) was proposed in 1996 and developed further [39-41]. In this
model, the equations were written with respect to a fixed reference
frame which coincides to the principal directions of the external stresses
applied to the RC member at initial cracking (fixed crack model). A new
smeared shear stress (z) - shear strain (y) relationship for concrete in
shear was defined and incorporated. Variants of fixed crack models were
also developed and proposed by other authors [31,42]. Finally, a third
model was proposed with the aim to better predict the post-peak
response of the panels, the so-called softened membrane model (SMM)
[43-45]. In this model, the Poisson’s effect (mutual influence of the two
normal principal strains) was defined and incorporated in the cracking
stage. All three models showed good agreement with experimental re-
sults, although the SMM was the one who gave the best predictions for
RC panels under shear, including the post-peak response. They were also
successively extended to PC membrane elements [46,47].

Among the referred models, the RA-STM is the one with the simpler
formulation and calculation procedure. It also shows good agreement
with experimental results, at least until the peak load is reached [38].
For these reasons, the RA-STM still continues to be used as a physically
based-model and has been extended to other structural members
[48-51]. The RA-STM has also been successfully refined to provide
better predictions and also to increase the numerical efficiency and
stability of the calculation procedure [52-54]. For this, instead of using
a classical trial-and-error technique to compute the solution points, the
authors reformulated the RA-STM as a system of nonlinear equations
with constraints, which are solved using an optimization algorithm. This
recent version of the model, called “efficient RA-STM procedure”, was
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successfully applied to RC and PC membrane elements [53,54].

In this work, the efficient RA-STM procedure is extended to pre-
stressed steel fiber concrete (PSFC) membrane elements. For this, the
smeared constitutive relationships for the materials are modified to
account for the influence of the SF reinforcement, according to the
proposals of a previous experimental study [55]. Also, a new smeared
constitutive relationship for SFC in tension is incorporated in the model.
The extended model, called “efficient RA-STM PSFC procedure”, is
checked against some experimental results available in the literature
and related with PSFC plates tested under shear up to failure, The pre-
dictions of the proposed model are also compared with the ones from the
SMM extended for PSFC membrane elements [55]. In general, it is
showed that the efficient RA-STM PSFC procedure is a reliable model to
predict the full behavior of PSFC membrane elements under shear.

2. Efficient RA-STM procedure for PSFC membrane elements

In this section, the efficient RA-STM procedure for PC membrane
elements is extended for PSFC membrane elements. As for the previous
versions of the model, it is assumed that perfect bond exists between
steel bars and the fiber reinforced concrete. In addition, the dowel action
in the steel bars is neglected. Equations which remain unchanged (basic
equations from the RA-STM and additional equations for the efficient
RA-STM procedure for PC membrane elements) are summarized. Details
about the derivation/justification of such equations can be found in
previous studies [25,38,53,54]. The modification of the constitutive
relationships of the materials, to account for the influence of the SF
reinforcement, are presented and justified. The new smeared constitu-
tive relationship for SFC under tension is also presented.

2.1. Basic equations for the RA-STM

A PSFC membrane element is illustrated in Fig. 1 (left side) and
subjected to an in-plane stress state, with applied normal (s;) and
transversal (o7) stresses, and also shear stress (z;7) in the Longitudinal
(1) - Transverse (T) coordinate system (direction of the longitudinal and
transverse reinforcement). As also illustrated in Fig. 1, the in-plane stress
state in the PSFC membrane element can be considered as the super-
position of three in-plane stress states, each of them applied in a
particular element, namely: in the SFC element (¢} ,0% and #{;), in the
mild steel grid element (p,f, and pyfy) and in the prestress steel grid
element (p; pfte and prpfre). In Fig. 1, p stands for the reinforcement ratio
(see definition in footnote in Table 1) and f stands for the normal stress
in the steel bars. Based on the previous decomposition, and by using the
Mohr’s circle for stresses and strains, a set of equilibrium and compat-
ibility equations (Eqgs. (1)-(3)) can be derived [25,38].

17 cos*(ap) sin?(ap) 2sinfap)cos(ap) o
o | =] sin’(ap) cos* (1) —2sin(ap)eos(ap) | | ox
Ty —sin{ap)cos(ay) sin(ap)cos(ay) cos(ap) —sin*(ay,)| |0
Pl Prafir
+ | pefr |+ | et
0 0
(1
e o8 2(()t,,) sin’ (ap) 2sin{ay Jeos(ay) tn
er | =|sin’(ap) cos*(ap) =2sin{ap)cos(ap) €
Yir —2sin(ap Jeos(ap) 2sin(ap)cos(ap) 2cos*(ap)—2sin*(ap) | |0
(2)
ep=¢r+er—¢&p 3)

In the previous equations, o and op are the principal stresses (tensile
and compressive, respectively) in the SFC element, and ap is the variable
angle between the coordinate systems L-T and R-D (Fig. 2). Also, &, &7
and y;r are the average strains components corresponding to the stresses
(normal and shear strains, respectively), while ¢z and ¢ are the average
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Fig. 2. Principal direction of stresses.
principal strains (tensile and compressive, respectively).
2.2. Additional equations for the efficient RA-STM procedure

In order to reformulate the RA-STM as a system of nonlinear equa-
tions with constraints, the authors have previously justified/derived a
set of additional equations to build an optimized algorithm to compute
the solution points for both RC and PC membrane elements [53,54].
Such equations are summarized below,

For a RC membrane element under in-plane stresses, the most com-
mon loading condition in real situations and also in experiments on
membrane elements is the one for which the ratio between the external
stresses remains constant through all the loading history [54]. For this
reason, this loading condition was assumed for this study, as for the
previous versions of the proposed model for RC and PC panels [53,54].

Proportional loading is characterized by a constant ratio between the
in-plane applied stresses through the entire loading history. For such
loading, the following three constant proportionality coefficients are
defined: longitudinal (my, Eq. (4)), transverse (mr, Eq. (5)) and shear
(myr, Eq. (6)) proportionality coefficients. Parameter a; is the applied
principal tensile stress in the PSFC membrane element.

or.

my— (4)
[}
= il (5}
4]
g ®
0]

From Mohr's circle for stresses, Eq. (7) relates the in-plane applied
stresses in the L-T coordinate system (o;, o7 and 7;7) with the applied
principal tensile stress in the PSFC membrane element in the 1-2 coor-
dinate system (), which coincides with the direction of the principal
applied stresses (s, and a) (see Fig. 2).
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Substituting Eqs. (4)-(6) into the equilibrium equations (Eq. (1)) and
developing, an additional quadratic formula (Eqs. (8)-(11)) can be
written with the principal tensile stress 6; as variable. The solution is
given by Eq. (12).

) +4, o)

g}

Ad+(-Blo+C =0 (8)

A =y — mi.r 9)

B =mi(0n + pufr + prafre) + ir(0g +p, i+ prudie) (10)

C'=(0u+pufe + Purhin) (On + Pefi = Prafie) (1
F+vB -aaC

0= EYe (12)

The compatibility equations (Eq. (2)) can be manipulated to derive
the following two equations to compute the angle ayp:

&L~ €&p

sin (an):fk & (13)
cos 2(ap) i (14)
Ep— &p

Combining the previous equations with the equations which resulted
from the substitution of Eqs. (4)-(6) into Eq. (1), the following set of two
nonlinear equations can be written.

|0
0

(15)

Er —€p ¥ —Ep
(1) Op———+0x
frasa|_| &= &-8&
(2) & —&p Er —Ep
Frasm Op———+ 6p——— = mr6, ~ Puft = Ppfr
&p —€p & —¢&p

= myey + prfe+ prafie

F&" oy and F}i‘ ony are called the residual functions (or simply re-
siduals) for the RA-STM and represent the residual (a kind of error) of
the desired result, In the efficient RA-STM procedure, the two nonlinear
equations stated in Eq. (15) are solved for the strains ¢;, and ¢4, given
initial estimates for the strains and limit values for the residuals. This is

done numerically by minimizing both residual functions F;::A’_S,.M and

ng;-sm'

To compute the solution points from the efficient RA-STM procedure,
the following strains need to be estimated: ep, e, and ey, For the first
solution point, the initial estimates are computed using the Mohr
compatibility truss model (MCTM), which constitutes a simplified
elastic linear model for membrane elements [25].

From Eq. (13)-(14), the following nonlinear equation can be written:

— & 2
2 lan “(ap) =0

(16)

L
Fucn =
& —&p
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Fucru is called the residual function for the MCTM and has the same
meaning stated before for Eq. (15). The strains ¢p, ¢ and er can be
estimated from Eq. (17)-(19), which result from substituting Hooke’s
law in some of the equations previously obtained and solving them for
the strains. In addition, for this initial stage and for simplicity, the tensile
stress oy is neglected.

—Mr0)

. sin(apJeos(ay) 17
=, sin(ayoos(a,) a7)
. otao)\or — poafn
gt (my+myr cot{ap))or — prpfur, -
Espy
Er= (N!r+mu- tan(uﬂ))al = Pypfre -

Esp,

In Eq. (18)-(19), fip; and frp; represent the initial stress in the lon-
gitudinal and transverse prestress reinforcement, respectively, while E.
and Es are the Young’s modulus for SF concrete and mild steel,
respectively.

Eq. (16) is numerically solved for the angle ap by minimizing the
residual function Fycpy. After this, the strains are reestimated from Eq.
(17)-(19) and used as the initial estimates to start the efficient RA-STM
procedure, as explained in Section 2.4.

2.3. Smeared constitutive relationships

To extend the efficient RA-STM procedure previously proposed by
the authors for PC membrane elements [53] to PSFC membrane ele-
ments, the smeared constitutive relationships for the materials under
biaxial stress state are modified according to the proposals from Hoff-
man in 2010 [55]. To the best of the authors knowledge, the work from

: >
6 v 55

Mild steel bars in tension

Journal of Building Engineering 40 (2021) 102363

this author is the only one found in the literature who aimed to study the
smeared o - € relationships for the materials for PSFC membrane ele-
ments. Based on previous experimental results on SFC panels under
shear conducted at the University of Houston, with the aim to obtain
smeared o - ¢ relationships for SFC, Hoffman in 2010 [55] extended such
relationships for PSFC. For this, he conducted an experimental program
with PSFC panels {TEF panels) under sequential loading to investigate
the effect of both prestress and SF reinforcement on the smeared ¢ - ¢
relationships of the component materials. As a result, a set of empirical
correction factors were calibrated and proposed to correct both the
smeared ¢ - ¢ relationships for SF concrete in compression and steel bars
in tension. In addition, a new smeared ¢ - ¢ relationship for SF concrete
in tension was also proposed. Such proposals are used in this study to
modify the previously used smeared o - € relationships for the materials
and to incorporate the smeared ¢ - ¢ relationship for SF concrete in
tension.

It should be referred that, as also assumed in the previous study from
the authors [53], the calculation procedure of the efficient RA-STM
procedure starts after concrete decompression. Before concrete decom-
pression the behavior of PC membrane elements lies entirely in the
elastic domain (the strains in the materials are very small). This
simplification avoids to model the stress and strain evolution in the
pre-decompression stage.

2.3.1. Steel fiber concrete in compression

For concrete in compression, the smeared ¢ - ¢ relationship proposed
by Belarbi and Hsu in 1995 [37] and refined latter by Zhu et al., in 2001
[45] (Eq. (20)-(24), see Fig. 3) is adopted and modified. This smeared
relationship for plain concrete was used and justified by the authors in
previous studies [53,54]. In order to account for the SF reinforcement,
the softening coefficient for plain concrete ¢ in Eq. (21) is modified by

Jr

0'7.[;’" =

I >
Emy, Ep

SF concrete in compression / tension

Fig. 3. Smeared constitutive laws for the materials,
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the correction factor W: (Eq. (22)) and an additienal upper limit of 0.9 is
imposed [55].

3

‘ € e \| .
6 =Crd, [2(_ 2 ) = (, > ) ] il &5 < Lspcto (20a)
] bsre€o
2
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6p=Cgref. |1 - iL if £p > Cepeto (20b)
3 1
Csre=0-Wr= ( 7 3 <0‘9) B W, <09 (21)
/< (MPa) it
Wy =1+05FF (22)
_Pulne & Pl — 01 23
Py + Prafimas — 0L
r;’ =pifgsl
1 (04< <1.0) (24)
N :H ifn>1

In Eq, (20), £, is the uniaxial compressive strength of SFC, ¢, is the
strain corresponding to the peak stress (f.) and (g is the softening co-
efficient for SFC. Eq. (21) for the softening coefficient ¢ without cor-
rections was proposed by Zhang and Hsu in 1998 [41] and refined by
Zhu et al., in 2001 [45]. This equation accounts for the ratio of the
transverse to the longitudinal tensile strength of reinforcements (Eq.
(23)-(24)) through parameter 5. The additional condition 0.4 < y < 2.5
from Pang and Hsu in 1995 [38] and Zhang and Hsu in 1998 [41] was
imposed. In Eq. (22), FF stands for fiber factor, which is computed from
Eq. (25), where L; and Dy are the length and diameter of the steel fiber,
respectively, and V; is the percentual volume of steel fiber.

b
FF=5 (25)

Eq. (25} to compute the fiber factor was proposed by Hoffman in
2010 [55] based on the type of steel fibers used in PSFC panels tested
under shear in the University of Houston (Dramix-Bekaert steel fibers
with hooked ends). As referred in Section 3, the experimental results
from Hoffman in 2010 [55] will be used to check the efficient RA-STM
PSEC procedure. For this reason, the same fiber factor proposed by the
referred author was used in this work. However, fibers with different
shape will certainly play a key role of defining the bond between fiber
and concrete. In such case, appropriate fiber factors should be used.
Formulations for the fiber factor are available in the literature (see for
instance Ref. [13]).

2.3.2 Steel fiber concrete in tension

Based on the proposals from Hoffman in 2010 [55], a simplified
trilinear smeared o - £ relationship for SF tensile concrete in tension was
used (Eq. (26)-(34), see Fig. 3).

Op=FEq ey if ex < ¢ (26a)
On=fu+ Ex(er— ) 1f €4 <ex < £ (26b)
2 =fi+ Ea(tn - £50) 1 £2> £ (26¢)
£, =0.0005 (27)
f=04FF-CF Vm (28)
b =001 - (29)
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Fiu = (02FF + 129/, (MPa) (30)

Ey :fi (31)
E(‘_\

e i
E(‘pl-' £y

_

Ea=—"— (33)
Emax Erpk

Ena = 0.0d4 — £p; [34)

In the previous equations, the meaning of the parameters are the
following ones: . is the effective “yield” stress of SFC for proporticnal
loading, ¢ is the yield strain corresponding to f,, CF is an additional
correction factor to account for the confinement effect due to prestress
tendons (CF = 1 for tensile SFC volume confined or sandwiched by two
or more layers of tendons; CF = 0.5 for tensile SFC volume unconfined
by tendons - only one layer of tendons exists), f is the peak stress of
SEC, £, is the strain corresponding to fy, €y, is the maximum strain of
SFC, ¢, is initial tensile strain in the prestress reinforcement (see Eq.
(41)), p, is the longitudinal steel ratio (see footnote in Table 1), E,, is the
Young's modulus of SFC before cracking, E,; is the modulus of SFC just
after cracking and E; is the extended modulus of SFC.

2.3.3. Mild steel bars in tension

For mild steel bars in tension embedded in concrete, the same
smeared ¢ - ¢ relationship used and justified by the authors in previous
studies [53,54] was also adopted here. This smeared bilinear & - ¢
relationship was proposed by Pang and Hsu in 1995 [38] (see Eq.
(35)-(38) and Fig. 3). In order to account for the SF reinforcement, the
tensile stress after yielding is modified trough correction factors incor-
porating the fiber factor FF from Eq. (25). In addition, in Eq. (38) the
tensile strength f, for plain concrete in the original equations is
substituted by the effective “yield" stress (Eq. (28)) for SFC.

fi=Ests if es<¢, (353)

fy=(1=0.096FF)(0.91 - 2BNfy, + (0.2FF 4+ 1)(0.02+0.25BN)Eyes il &

e,

(35b)

d:% (36)

£ =(093-28N)f;, ’
iy

BN p(ﬂ) (p20.15%) N

In Eq. (35)-(38), fs and ¢ are the average tensile stress and strain in
the mild steel bars, respectively, fs, is the yielding stress and E; is the
Young’s modulus for mild steel.

2.3.4. Prestress steel bars in tension

As previously referred, the efficient RA-STM procedure starts after
concrete decompression. Hence, as for the previous version of the model
for PC membrane elements [53], the strain in the prestress reinforce-
ment, ep, is computed as follows,

Ep = Ejec T € (39)

Egoc = Epi+E5; (40)
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E, (41)

Ep;

_ Afp,
" As(Es —Eo) + E(A.— Ar) el

€5

In the previous equations, &g is the strain at decompression, ¢ is the
strain in the mild steel reinforcement (at decompression e5 = 0), &p; is
the initial tensile strain in the prestress steel bars due to prestress, «5; is
the initial compressive strain in the mild steel reinforcement due to
prestress, E, is the Young’s modulus for prestress steel, A, and A are the
total area of prestress and mild steel, respectively, and A. is the area of
the SF concrete cross section.

For prestress steel bars in tension embedded in concrete, the same
smeared ¢ - ¢ relationship used and justified by the authors in a previous
study [53] was also adopted here. The used ¢ - ¢ relationship is a cor-
rected version of the one proposed by Hsu in 1991 [56] (see Fig. 3),
which was based on the Ramberg-Osgood’s curve. According to Hoff-
man in 2010 [55], there is no need to modify this relationship in order to
account for the influence of the steel fiber reinforcement.

To= Ep(esec+ &) if £ <epp, .
Eplbaw = &= Bep)
o %ﬁm it ep > eporp, (2}
Ep it F5—hep) ’
{1 i+ (4,,—)

In Eq. (43), E, is the Young's modulus of Ramberg-Osgood, R is a
geometrical parameter to adjust the shape of the curve, fz, is the tensile
strength of the prestress steel and epy 75, is the strain of prestress steel
corresponding to 0.7fs,. Both parameters E, and R need to be evaluated
experimentally from uniaxial tensile tests. The adopted values in this
study were obtained by Laskar et al., in 2007 [47] for PC membrane
elements with similar tendors: E, = 209 GPaand R = 5.

As explained by the authors in a previous study [53], the strain
variation Aép aims to translate horizontally by a very small amount the
original nonlinear curve to impose the continuity with the initial linear
curve (see Fig. 3). This correction showed to be necessary to avoid
convergence problems at the transition zone. The strain variation Aep is
computed as follows:

Aep=epy 7, — Emy, (44)
0.74,
g _Wijry
o =, (45)
E’ oM i
07fp= ——— I 5 e (46)

i\
1+ fru

In the previous equations, ¢, and ej,, are the strains corre-
sponding to 0.7fy, computed from the linear (L) and nonlinear (NL) part
of the ¢ - ¢ relationship, respectively. The strain e}y 7, 18 compuited by
solving a nonlinear equation (Eq. (46)).

2.4. Algorithm to implement the efficient RA-STM procedure

The flowchart with the used algorithm to implement the efficient RA-
STM procedure for PSFC membrane elements (or “efficient RA-STM
PSFC procedure”) is presented in Fig. 4. The structure of the algorithm
is similar to the one presented by the authors for RC and PC membrane
¢lements [53,54].

The calculation procedure can be described as follows. First, some
initial data related with the material properties, the loading condition
and the path’s increment Aep, for the strain e, must be introduced by the
user to start the calculation procedure. Next, for the first introduced

Journal of Building Engineering 40 (2021) 102363

Specified data:
Conerete: A, f, ¢p
Mild steel: Es, fiy, fry, AvsiArs
Prestress steel: A5, Arp . f1p1: frp Ep
Loading: 7y, 7p, Ty

Path increment: Aep

:

Preliminary calculations:

ep; - Eq. (41) & Eq. (42) £4ec - Eq. (40)
tFazs, - EQ. (45) ehgzs,,- EQ. (46) lep - Eq. (44)
ey, ery-Hooke'slaw oy - Eq. (7)

my, mg, myy - Eq. (4)-(6)

'

< Solve: Fyery = 0 - Eq. (16) >

Ad
| Calculate: &5, ¢, , £ - Eq. (17)-(19) |

Initial point: e} = &p.ef = £, &8 = &7, for k=1

v

Solve: for ¢f, solve Fyy gy = 0-Eq. (15)
using ¢£~1 and k-1 as initial point.

.

Calculate:
fp- Eq. (43) - Eq.(3) 0z - Eq. (26)
fu fr - Ea. (35) A, B, (- Eq. (9)-(11)
! k=k+1
0y - Eq. (12) Ssie - Eq- (21) o - Eq. (20)

!

I Increase: £ = ek + Agy l

!

S

l YES

Fig. 4. Flowchart of the algorithm.

value £} and by solving Eq. (16) for ap, the initial stress and deformation
state of the membrane element is estimated. Then, the initial estimates
for the strains £}, £ and ¢% are computed and the first solution point is
obtained (corresponding to index k = 1).

After the previous initial calculation, all the remaining solution
points are computed from the efficient RA-STM PSFC procedure. In each
step, the strainep is incremented by 4¢ep (6‘1‘,' l= f’,S + Aep) and the new
stress and deformation state of the membrane element is sequentially
computed by solving Eq. (15) for ¢, and . For each step, the initial
point is considered to be the solution point from the previous step. The
calculation procedure holds until the conventional value specified by the
user for SFC in compression (z,) i reached (¢57 > &,). Tt should be
noted that the efficient RA-STM PSFC procedure is a smeared truss
model. Therefore, only failure modes which can be inferred from the
average response of the materials can be predicted. Specific local failure
modes, such as the loss of bridging effect of the steel fibers across the
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tensile cracks, or even the tensile failure of the steel fibers, are not
captured by the model.

The algorithm for the efficient RA-STM PSFC procedure was imple-
mented with software MATLAB [57]. The function Isqnontin was used to
solve numerically both Eq. (15) and Eq. (16) with the least squares
method.

3. Validation of the efficient RA-STM PSFC procedure

In this section, the predictions from the efficient RA-STM PSFC
procedure are checked against some experimental results found in the
literature. As referred in the introduction of Section 2.3, Hoffman in
2010 [55] was the only author found in the literature who reported
experimental results related with PSFC panels under in-plane stresses,
namely the ones tested with the Universal Panel Tester at the University
of Houston. Two series of PSFC panels were tested according to the angle
of tendons a, with respect to the applied principal stresses (see Fig. 2):
series TEF and series TAF.

Series TEF consisted of five PSFC panels with oy =90° under
sequential and biaxial compression-tension loading. These panels were
specifically designed and tested to study the constitutive relationships of
the materials, These experimental results were not used in this study to
check the efficient RA-STM PSFC procedure because the model assumes
proportional loading, which commonly constitutes the loading type in
practice.

Series TAF consisted of five PSFC panels with ay = 45° under pro-
portional loading and symmetrical biaxial stresses in the 1-2 coordinate
system (o2 = — o7), with tendons oriented at ap = 45° (see Fig. 5).
Hence, these panels were tested under pure shear in the L-T coordinate
system (6; = oy =0, see Fig. 1). All PSFC panels have 139.8 x 139.8 x
17.8 cm size and prestress was only applied in the longitudinal direction
of the L-T coordinate system (with no longitudinal mild reinforcement).
Two variables were studied: (1) the percentage of prestressing tendons
in the longitudinal direction (p;p), and (2) the steel fiber factor (FF). The
experimental results from TAF panels were used to check the efficient
RA-STM PSFC procedure.

Table 1 summarizes the properties of the five reference PSFC panels
from series TAF. Except for fp;, which represents the initial SFC
compressive stress due to prestress in the longitudinal direction, all
parameters were already defined in the previous sections. Panels TAF-1
to TAF-4 had two layers of tendons, while panel TAF-5 has only one
layer of tendons located at the middle plane.

The efficient RA-STM PSFC procedure was used to compute the
behavior of each of the five PSFC panels from series TAF. In Fig. 6 and
for each panel, the theoretical shear stress (z;7) - shear strain ()
curves from the efficient RA-STM PSFC procedure (“eff. RA-STM”) are
compared with the experimental ones (“Exp.”) reported by Hoffman in
2010 [55]. For comparison, the graphs in Fig. 6 also include the theo-
retical curves reported by Hoffman in 2010 [55] and computed from the
softened membrane model extended for PSFC panels (“SMM-PSFC™), For
this study, both “Exp.” and “SMM-PSFC" 7, — y,, curves were carefully

1
' 712
N
\ '{\\\ B
o aman ’C/ \a,=45°
‘<<\ 4// \aa 45
Transverse mild bars ‘i\ ;\'{/ 3‘/
N, 174 7
%, &
/;};« W \5\}‘
Longitudinal Tendons Y \b‘\

Fig. 5. TAF panels [55]: loading condition and reinforcement.
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drawn from the graphs presented by Hoffman in 2010 [55].

Fig. 6 shows that, in general, the full behavior of the tested panels is
well captured by the efficient RA-STM PSFC procedure, including the
transition between the different behavioral stages of the panels, Fig. 6
also shows that the theoretical curves from the efficient RA-STM PSFC
procedure are generally in good agreement with the ones from the SMM-
PSFC model, at least until the maximum shear stress is reached. As
referred in the introduction section, the SMM incorporates the Poisson’s
effect after cracking. For this reason, and as explained by Zhu and Hsu in
2002 [43], for the SMM the descending branch after the peak load is less
steep and longer than the one predicted by the RA-STM. However, Fig. 6
shows that for some of the Panels (TAF-1, TAF-3 and TAF-4) the
descending branch after the peak load predicted by the efficient RA-STM
PSEC procedure agrees better with the experimental curve. For Panel
TAF-3, the experimental curve seems to show a premature loss of the
maximum shear stress when compared with the theoretical ones. Hoff-
man in 2010 [55] reported that both panels TAF-1 and TAF-3 suffered a
shear slide failure influenced by the local corner failure. Since such local
effect was not considered by the theoretical smeared models, this could
explain the observed deviation between the curves for panel TAF-3. In
general, Fig. 6 shows that the efficient RA-STM PSFC procedure can be
considered a reliable model, in spite to be a simpler model when
compared with the SMM.

Table 2 presents, for each TAF panel, the experimental and theo-
retical values for some key values of the 71—y, curves, namely: the

SMM

r RA-STM
cracking shear stress (tor e, 7y, and 7°3"), the peak shear stress or

ultimate value (7, 7 "™ and 5M) and the corresponding shear

wth
H ~STM MM
strain (YH‘PXD’ wth and ysu‘th

theoretical values are also presented (rurep, Thg ™ Tererp/Torgs

Tuep /T, Tuep/Togs A oo /7). Although only five panels

). The ratios of the experimental to the

were studied, Table 2 also presents the values for the mean (x), standard
deviation (s) and coefficient of variation (cv) for the ratios. All the key
values for both “Exp.” and “SMM-PSFC” 7,1 — y; curves were obtained
approximatively from the graphs drawn in Fig. 6. Because of this, it was
not possible to obtain accurate values for the shear strain corresponding
to the cracking shear stress. [n such part of the graphs the shear strains
are still very small and very difficult to read.

Table 2 shows that the efficient RA-STM PSFC procedure was able to
predict well, and generally on the safety side, the cracking shear stress
7o (X = 0.906) and with a very low degree of dispersion (cy = 2.93%),
as for the SMM-PSFC with a somewhat higher degree of dispersion
(x =0.981 and cv = 11.28%). Both theoretical models also predicted
well the ultimate shear stress 7, although the predictions from the
efficient RA-STM PSFC procedure seemed to be slightly better
{(x=0973 and ¢v = 4.64%) than the ones from the SMM-PSFC
{x=0.927 and cv = 3.41%). For the ultimate shear strain y,, Table 2
shows that both theoretical models had difficulty to predict well this
parameter, with a degree of dispersion very high. The results of the
SMM-PSFC (x — 0.486 and cv — 79.11%) are a little worse that the ones
from the efficient RA-STM PSFC procedure (X¥=0.853 and c¢v =
62.91%) because for some panels the corresponding theoretical 77 —
yip curve is too much extended in the ultimate stage (see Lig. £). As
observed in previous studies with RC and PC membrane elements [43,
47,53,54], smeared approaches show difficulties to predict well the
deformation corresponding to the peak load. However, as also referred
in such studies, this parameter is generally not an important key value
for design.

Again, the results from Table 2 show that the efficient RA-STM PSFC
procedure can be considered a reliable model. To help sustain this, Fig. 7
shows the same theoretical and experimental ;7 — y, 7 curves from Fig. 6
for some of the panels from series TAF. In addition, each graph includes
the theoretical and experimental 737 ;7 curves of similar PC panels
from series TA tested at the same loading conditions by Laskar et al., in
2007 [47], also at the University of Houston, The main difference
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Table 1

Properties of PSFC panels from series TAF [55].
Panel i 2 i o fou Ep Eg fry fri foi Ly/Dy v FF

MPa % % % MPa GPa GPa MPa MPa MPa %

TAF-1 376 0.21 0.84 0.42 1862 200 197 414 83 986 55 0.5 0.28
TAF-2 44.0 0.17 0.84 0.77 1862 200 192 415 83 794 55 1.0 0.55
TAE-3 38.1 0.22 0.84 0.42 1862 200 197 414 83 794 55 15 0.83
TAF-4 56.4 0.19 0.59 0.42 1862 200 197 414 5.8 983 80 10 0.80
TAE-5 331 0.20 0.42 0.77 1862 200 152 415 4.1 986 80 15 1.20

* pip = ArpfAc pr = Ars/A,

£ £
2 £ 4
2 A —Exp. 2 _: —Exp.
i = = =EIl. RA-STM - = —Eff. RA-STM
......... SMM-PSFC 14 oo SMM-PSFC
0 . T T T 0 T r . T
0 5 10 15 20 25 30 0 3 6 9 12 15
yr[x107]
i TAF-4
6 ,
5 4
< o
(=]
z z
5 53]
2 — Exp. 2 1 o
T - =i RA'S_TM 1 - - - —Ef. RA-STM
e SMMERSEC | Y e
0 T T T T 0 r T : -
0 3 9 2 15 18 0 3 10 15 20 25
2 [X107] nr [x107]

7 [MPa]

—Exp.
- = —EMRA-STM
s SMM-PSEC

6 9 12 15
Y [x107]

Fig. 6. 7,5 — 7, curves for panels from series TAF.

between TAF and TA panels in each graph is the inclusion of steel fiber
reinforcement for the first ones. The theoretical curves presented for the
TA panels were computed from a previous version of the efficient
RA-STM procedure for PC membrane elements [53]. The aim is to check

if, for each pair of TAF and TA panels, the efficient RA-STM PSFC pro-
cedure predicts well the effect of the steel fiber reinforcement when
compared to similar PG panel without fiber reinforcement.

Fig. 7 shows that, except for Panels TA1 and TAF-1 for which no
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Table 2
Comparative analysis of key values.
Panel 1y, ATV H:;;-rgm £ ’giaﬁ Wep 1o T“?;’EM o ;,;f”:; Y pa s 7:: I g ling
crth — trih — u, — .t — —_— uth = i
MPa  MPa MPa MPa  MPa MPa x10%  x10° x10°
TAF-l 333 362 0.92 339 098 551 577 0.95 605 091 5.10 4.23 1.21 13.01 0.39
TAF-2 4.10 441 0.93 4.21 0.97 7.13 7.27 0.98 7.33 0.97 10.33 6.41 1.61 10.13 1.02
TAE-3 4.41 494 0.89 379 1.16 6.16 6.60 0.93 6.65 093 270 469 0.58 14.96 0.18
TAF-4 3.96 4.58 0.87 4.38 0.90 5.58 5.33 1.05 6.29 0.89 248 7.46 0.33 23.29 0.11
TAF-5 3.06 3.31 0.93 3.47 0.88 4.94 5.21 0.95 5.29 0.94 4.42 8.24 0.54 6.05 0.73
pe 0.506 0.981 0.973 0.927 0.853 0.486
5= 0.027 0.111 0.045 0.032 0.536 0.384
o = 2.93% 11.28% 4.64% 341% 62.91% 79.11%
7 8
1 7 ] ¥l -y
6 F ot \\\
6 1 /' >
i 5 1 4
o g
<9 4
S 4h
Jo— »I
9 f
& 34t
= Exp. (TAF-1) '] Exp. (TAF-2)
= = =Eff RA-STM (TAF-1) 2 ¥ = = =—Eff. RA-STM (TAF-2)
Exp. (TA-1) | Exp. (TA-2)
Eff. RA-STM (TA-1) | Eff. RA-STM (TA-2)
T T T T T T T 0 T T T T T T T
2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Yir [x107] ¥ [x10]
7 6
6 4 5 ymmm———
5 A i,
Lo | ~
o <
e 41 &
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& 3o by
W [
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I
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Fig. 7. Comparison between similar PC and PSFC panels.

noticeable effect is visualized due to the incorporation of the steel fiber
reinforcement (probably because the fiber volume for panel TAF-1 is
only 0.5%), for the remaining corresponding TA and TAF panels the
efficient RA-STM PSFC procedure is able to predict the positive effects of
the steel fiber reinforcement after cracking. Such effects are related with
the tendency to increase the post-cracking tensile performance, namely
the increase of the cracking shear stress, the peak shear stress, the
stiffness and the toughness.

Finally, Fig. 8 presents some examples of additional behavioral
curves for panel TAF-5 as example, namely the op — ¢p, 6r — &g, fr— £1
and fp, — epp curves. Only theoretical curves are presented since no
experimental ones were reported by Hoffman in 2010 [55] for panels
from series TAF. Fig. 8 shows that, in general, the theoretical curves
show the expected shapes. The fp, — ep, curve do not starts from zero
because the efficient RA-STM PSFC procedure only starts the
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calculations after concrete decompression, as referred before.

4. Conclusions

In this article, the efficient RA-STM procedure previously proposed
and validated by the authors for RC and PC membrane elements was
extended to PSFC membrane elements. The extended model was called
efficient RA-STM PSFC procedure. For this, the smeared nonlinear 6 — ¢
relationships for the materials were modified to account for the influ-
ence of the steel fiber reinforcement. In addition, a new smeared
nonlinear ¢ — ¢ relationship for SFC in tension was incorporated. After
being implemented in a computer with MATLAB software, the model
was checked against some experimental results related with PSFC panels
under shear and also with the predictions from another smeared model
(SMM-PSFC). The following conclusions can be drawn:
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Fig. 8. Additional behavioral curves for Panel TAF-5.

- When compared with the experimental results from some PSFC
panels tested under shear until failure, the efficient RA-STM PSFC
procedure has proven to be a reliable model and to predict well the
full response of the panels;

- In particular, the efficient RA-STM PSEC procedure provided good
predictions for the cracking and peak shear stresses of the PSFC
panels;

- When the predictions of the model were compared to the experi-
mental results of similar PC and PSFC panels under shear, the effi-
cient RA-STM PSFC procedure showed to be able to capture the
positive influence of the steel fiber reinforcement, namely to increase
the post-cracking tensile performance of the panels;

- The efficient RA-STM-PSFC procedure also showed to provide solu-
tions with high numerical efficiency and stability. The numerical
results were obtained in few seconds with a current computer.

In this study, the efficient RA-STM-PSFC procedure was checked
against the experimental results of only five PSFC panels under in-plane
stresses, whose results were found in the literature. Additional experi-
mental results are of great need in order to better check and calibrate
theoretical models, such as the one proposed in this study.

Finally, it should be referred that for engineering practice, the effi-
cient RA-STM PSFC procedure, as presented in this article, is limited to
the study of the local behavior of PSFC wall-type structures, such as parts
of shear walls or webs of shear beam with uniform in-plane loading and
reinforcement layout. In addition, in the present form, the efficient RA-
STM PSFC procedure can only incorporates the effect of in-plane stress
condition. For a wider application, the proposed model can be used to

develop a RA-STM PSFC-based shell element to be implemented in a
non-linear finite element analysis program. This development can be
based on the degenerated shell theory with a layered approach and
taking into account the RA-STM PSFC to define constitutive relation
modules and the analysis procedure. With this approach, the effect of
out-of-plane stress conditien can be considered and the global behavior
of PSFC wall-type or shell-type structures can be predicted. This
approach was successively performed with the SMM [25] and also the
CSMM (SMM extended for in-plane cyclic shear) for RC structures [58].
This further development constitutes one of the future goals of the
authors.
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Notation

A, Area of SF concrete cross section

App: Area of longitudinal prestress steel reinforcement

Ap: Arca of prestress stecl reinforcement

Ag: Arca of mild stecl reinforcement

Ayyg: Area of transverse mils steel reinforcement

CF: Correction factor to account for the confinement effect due to prestress tendons
Dy: Diameter of steel fiber

E.: Young’s modulus for SF concrete

Eq: Young's medulus for SFC before eracking

Eyy: Modulus for SFC just after cracking

Teg: Extended modulus for SFC

Ip: Young's modulus for prestress steel

I Young's modulus of Ramberg-Osgood

Eg: Young's modulus for mild steel

FF: Fiber factor

Fycry: Residual function for the MCTM

FI\ ot Residual function i for the RA-STM

f: Normal stress in the steel reinforcement

£, Uniaxial compressive strength of SF concrete

fepi Initial compressive stress in SF concrete due to prestress

Jepi: Peak stress of SF concrete

fr: Tensile strength of plain concrete

Jfoy: Effective “yield” stress of SFC for proportional loading

fu: Tensile stress in the longitudinal mild steel reinforcement

fip: Tensile stress in the longitudinal prestress steel reinforcement

fips Tnitial tensile stress in the longitudinal presiress reinforcement due (o presiress
fipo 1% Proportional conventional limit stress to 0.1% for the longitudinal prestress steel
fiy: Yielding stress of the longitudinal mild steel reinforcement

fp: Tensile stress in the prestress steel reinforcement

fps: Initial tensile stress in the prestress reinforcement due to prestress

fiu: Tensile strength of the prestress steel

Js: Average tensile stress in the mild steel bars

sy Uniaxial yielding stress of the mild steel bars

fr: Tensile stress in the transverse mild reinforcement

fip: Tensile stress in the transverse prestress steel reinforcement

Jfrpy: Initial tensile stress in the transverse prestress reinforcement due to prestress
Freor9s¢ Proportional conventional limit stress to ¢.1% for the transverse prestress steel
Jfy: Yielding stress of the transverse mild steel reinforcement

f_’r: Yielding stress of the embedded mild steel bars

Lt Leneth of steel fiher
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my: Longitudinal proportionality coefficient

myr: Shear proportionality coefficient

my: Transverse proportionality coefficient

V2 Percentual volume of sieel fiber

Wj: Correction factor to account for the steel fiber reinforcement

a: Angle of the principal compressive stresses in the PSFC membrane element
ap: Angle of the principal compressive stresses in the SFC membrane element
&g Strain corresponding to the SF concrete compressive peak stress

£qx: Strain cotresponding to fox

&q: Ultimate strain for SF concrete in compression

&, Yield strain corresponding to fiy

#p: Principal average compressive strain

£40+ Decompression strain

£45,s Maximum strain of SF concrete

ep: Strain in the prestress steel bars

e, Strain in the prestress steel corresponding to 0.7fp,

ffwfm: Strain corresponding to 0.7fp, in the linear (£) part of the r— ¢ curve
pﬂm‘l: Strain corresponding to 0.7fp, in the nonlinear (NL) part of the 6— ¢ curve
£p;: Initial tensile strain in the prestress steel bars due o prestress

#;: Longitudinal average strain

¢g: Principal average tensile strain

¢5: Average strain in the mild steel bars
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&5 Initial compressive strain in the mild steel bars due to prestress
eyt Transverse average strain

ey: Yielding strain of the transverse mild steel bars

7+ Average shear strain

7 Ratio of the transverse to the longitudinal tensile strength of reinforcements
£+ Softening coefficient

{sre: Softening coefficient for SF conerete

- Reinforcement ratio

¢ Longitudinal mild steel reinforcement ratio

et Longitudinal prestress steel reinforcement ratio

pr: Transverse mils steel reinforcement ratio

pqp: Transverse prestress steel reinforcement ratio

o7 Principal tensile stress d in the PSFC membrane element

ay: Principal compressive stress applied in the PSFC membrane clement
op: Principal compressive stress in the SFC membrane element

0. Longitudinal normal stress applied in the PSFC membrane element
o;: Longitudinal normal stress in the SFC membrane element

ow: Principal tensile strain in the SFC membrane element

oy: Transverse normal stress applied in the PSFC membrane element
of: Transverse nermal stress in the SFC membrane element

7,7: Shear stress applied in the PSFC membrane element

157 Shear stress in the SFC membrane element
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Capitulo 8

Conclusoes e recomendacoes para trabalhos

futuros.

1.Introducao

Este capitulo decreve as principais conclusoes resultantes da investigacao apresentada
nesta tese. Adicionalmente, apresenta alguns topicos de pesquisa relacionados aos
trabalhos desenvolvidos neste programa de doutoramento que podem ser abordados no

futuro.

Conforme apresentado ao longo deste trabalho, pode-se concluir que os objetivos
propostos para esta investigacdo foram plenamente alcancados e que estudos
porvindouros sao desejaveis e necessarios para o continuo avanco dos modelos de trelica

plana com angulo variavel aplicados a anélise estrutural.

2. Conclusoes

O desenvolvimento do modelo refinado de campo de tensoes proposto neste trabalho foi
guiado pelo cumprimento dos objetivos aqui alviltrados. A nomenclatura do modelo foi
adaptada as especificidades requeridas de cada aplicacdo contemplada, de modo a

favorecer a identificacao do procedimento de calculo e sua respectiva utilizacao.

Relativamente a implementacao de forma numericamente eficiente do modelo RA-STM
modificados por Silva [1], Cerquido [2] e Lyrio [3] no MATLAB e a incorporacao da
influéncia do concreto submetido a tracao, conforme aqui apresentadas nos Capitulo 4 e
Capitulo 5 , e complementadas no Anexo I, Anexo II, Anexo III e Anexo IV, verificou-se
que o Modelo de Trelica com Amolecimento e Angulo Variavel Eficiente (Eff. RA-STM)
proposto neste trabalho, foi capaz de evidenciar o comportamento dos elementos
estruturais analisados para estagios de baixo carregamento e a transicao entre os estagios

nao fissurado e fissurado.

Adicionalmente, demonstrou a sua fiabilidade ao prever com aproximacao satisfatoria a
tensao tangencial de fissuracgao, a rigidez ao cisalhamento no estado fissurado, a tensao

de resisténcia ao cisalhamento e a deformacao de cisalhamento correspondente. Para
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lograr esses objetivos, as equagdes do modelo RA-STM provenientes de estudos prévios
[1-3] foram reformuladas de maneira a incorporar esta contribuicdo adicional e leis
constitutivas apropriadas para concreto submetido a tracao foram introduzidas [4],

conforme apresentado no Capitulo 4 na subseccao 2.3 e no Capitulo 5 na subseccao 2.2.

As previsoes oriundas do modelo proposto foram comparadas com sucesso a resultados
experimentais relevantes encontrados na literatura [5-10]. Adicionalmente os novos
procedimentos de célculo foram apresentados, conforme consta no Capitulo 4 na secc¢ao
3 e no Capitulo 5 na subseccdo 3.4. Constatou-se a facilidade de implementacdo
computacional e o baixo esforc¢o de calculo, a resposta completa dos diferentes elementos
estruturais estudados foi rapidamente calculada (tempo médio de processamento

aproximadamente igual a 8-12 segundos).

Com relacdo a extensao da aplicabilidade do Eff. RA-STM de forma a incorporar
previsoes comportamentais de placas de concreto estrutural reforcadas com laminas de
FRP (Fiber Reinforced Polymer) aderidas externamente e submetidas a um estado plano
de tensoes, doravante denominado Eff. RA-STM FRP, conforme aqui arrazoada no
Capitulo 6 e complementada no Anexo V e Anexo VI, certificou-se que o procedimento
de calculo proposto captura bem as caracteristicas mais importantes da resposta das
placas analisadas submetidas ao cisalhamento para todos os estagios de carregamento,
ou seja, o cisalhamento maximo e a transicao entre o estagio nao fissurado e o estagio

fissurado.

Para alcancar esse objetivo as equacoes de equilibrio e as relagdes constitutivas dos
materiais proveniente de estudos precedentes [7,11], foram modificadas de forma a
incorporar a contribuicdo do reforco FRP, de acordo com as aclaracoes inclusas no
Capitulo 6, nas subseccoes 2.1 e 2.2. Cabe ainda referir que o novo procedimento de
calculo foi apresentado, de acordo com o Capitulo 6 na subseccao 2.4.4. Evidenciou-se a
simplicidade analitica, facilidade de implementacdo computacional e celeridade na
disponibilizacdo dos resultados em oposi¢cdo a modelos tedricos anteriores, como o
SMM-FRP, que utiliza uma técnica de tentativa e erro e necessita de um grande ntimero

de estimativas iniciais.

Avalidagao do Eff. RA-STM FRP ocorreu por analise comparativa com alguns resultados
experimentais [12,13] e foi complementada com as previsdes de outro modelo teorico,
SMM-FRP [14], devido ao niimero limitado de resultados experimentais, desse modo o

espectro comparativo foi ampliado.
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Quanto a mais uma extensdo da aplicabilidade do Eff. RA-STM, dessa vez para
incorporar previsoes comportamentais de placas de concreto estrutural que contenham
fibras de aco em sua matriz de concreto (SFC - Steel Fiber Concrete), e que possam ser
dotadas adicionalmente de armaduras protendidas submetidas ao estado plano de
tensoes, doravante denominado Eff. RA-STM SFC, em conformidade com as explanac6es
contidas no Capitulo 7 e complementadas no Anexo VII e Anexo VII, constatou-se que o
modelo tedrico proposto foi capaz de evidenciar a resposta comportamental completa

dos elementos estruturais estudados.

Adicionalmente, o Eff. RA-STM SFC mostrou ser capaz de capturar a influéncia positiva
da utilizacdo do SFC no aumento do desempenho de tracao pos-fissuracao das placas de
concreto estrutural, como também forneceu boas previsoes para as tensoes de fissuracao
e cisalhamento maximo dos elementos estruturais analisados. Esse objetivo foi
alcancado a partir da modificacao das relacoes constitutivas dos materiais originarias de
estudos anteriores [7,11] e dos Capitulos 4 e Capitulo 5 deste trabalho, e da inclusao de
uma relacao constitutiva para o SFC [15], conforme apresentado no Capitulo 7 na

subseccao 2.3.

Os resultados numéricos fornecidos pelo referido modelo analitico foram confrontados
a alguns resultados experimentais relacionados com placas PSFC submetidas ao
cisalhamento [15], e também com as previsoes de outro modelo teérico (SMM-PSFC)
[15]. Adicionalmente o procedimento de calculo proposto, apresentado no Capitulo 7 na
subseccao 2.4, demonstrou sua capacidade ao fornecer os resultados numéricos em

poucos segundos com um computador corrente.

Dessa maneira, pode-se concluir que o Eff. RA-STM mostrou-se um modelo teérico
confidvel, pois atestou a sua capacidade de previsao do comportamento global de
elementos do tipo placa submetidos ao estado plano de tensdes, que considera a
influéncia do concreto a tracao, outra tipologia de composicao do concreto e a técnica de
utilizacdo de reforco estrutural abordada neste trabalho. Em adicao, pode-se considerar
bem sucedida a reformulacdo do procedimento de solugido que atua com alta eficiéncia

numérica e estabilidade computacional.

3. Recomendacoes para trabalhos futuros

Com fundamentos nas exposic¢oes discorridas ao longo deste trabalho e em direcao ao

sequente progresso dos métodos analiticos baseado nas trelicas planas com angulo
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variavel, nomeadamente nas etapas de validacao dos modelos tedricos e calibracao das
leis constitutivas dos materiais, considera-se de especial importancia a abordagem e

desenvolvimentos futuros dos seguintes topicos:

- Executar uma vasta gama de ensaios, em condi¢coes controladas, de placas de concreto

protendido submetidas a diferentes combinacoes de solicitacoes no seu plano;

- Realizar uma campanha de ensaios, em condic6es controladas, de placas de concreto
estrutural reforcados com FRP sujeitas a diversas combinacoes de solicitacbes no seu

plano;

- Efetuar de uma ampla gama de ensaios, em condicOes controladas, de placas de
concreto com adicao de PSFC, para melhor verificar e calibrar modelos teoricos, como o

proposto neste estudo;
- Extender o campo de aplicacao do Eff. RA-STM a placas sujeitas ao corte ciclico;

- Reformular o procedimento de célculo do Eff. RA-STM tendo por base critérios

energéticos com vista a aumentar ainda mais a eficiéncia computacional.
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Anexo |. Cédigo em MATLAB do RA-STM RC v2
Script para iniciar o RA-STM RC v2

N N NI,
RA-STM RC v2 - ROTATING ANGLE SOFTENED TRUSS MODEL - REINFORCED CONCRETE v2 /

N N,

oe

S INICIO ////////1777777 7777777777777 77777777777777777777777777777777777777

clear all; clc;

% PAINEIL / DADOS DE ENTRADA ////////////////7/7///7177717777777777777777777
DADOS INICIAIS; tic;

$ CALCULO DAS ESTIMATIVAS INICIAIS (MCTM) /////////////////////////////////
alfabDl = (lsgnonlin(@(alfaD) MCTM PLACA (alfaD),0.01,[],0))*180/pi;

& SOLUCAO //////// /1111111117111 1771717717777 777777777777777777777777777777
COMP_PLACA;

% CURVAS DE COMPORTAMENTO ///////////////////7//77//77///7/7///7///7//7/7/777/7/
toc; PLOT_PLACA;
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Funcao para a escolha das placas / Introducao dos dados iniciais

function DADOS INICIAIS

o//////////////////////////////////////////////////////////////////////////

% SELECAO DA PLACA / INTRODUCAO DOS DADOS INICIAIS

%//////////////////////////////////////////////////////////////////////////

disp('Selecione os dados iniciais');

disp(' ");

disp ('Placas de Betdo Armado solicitadas com ALFA2=45°"
disp('l - VAO [fcm = 98,8 MPa | roL = 0,0060 | roT
(1998) ") ;

disp('2 - VAl [fcm = 95,1 MPa | roL = 0,0120 | roT
(1998) ") ;

disp('3 - VA2 [fcm = 98,2 MPa | rolL = 0,0239 | roT
(1998) ") ;

disp('4 - VA3 [fcm = 94,6 MPa | roL = 0,0359 | roT
(1998) ") ;

disp('5 - VA4 [fcm = 103,1 MPa | roL = 0,0524 | roT
(1998) ") ;

disp('6 - VBl [fcm = 98,2 MPa | roL = 0,0239 | roT
(1998) ") ;

disp('7 - VB2 [fcm = 97,6 MPa | roL = 0,0359 | roT
(1998) ") ;

disp('8 - VB3 [fcm = 102,3 MPa | roL = 0,0598 | roT
(1998) ") ;

disp('9 - VB4 [fcm = 96,9 MPa | roL = 0,0180 | roT
(1998) ") ;

disp('10 - AlR [fcm = 42,2 MPa | roL = 0,0077 | roT =
disp('1ll - A2 [fcm = 41,2 MPa | roL = 0,0119 | roT
(1995) ") ;

disp('12 - A3 [fcm = 41,6 MPa | roL = 0,0179 | roT
(1995) ") ;

disp('13 - A4 [fcm = 42,5 MPa | roL = 0,0298 | roT
(1995) ") ;

disp('14 - Bl [fcm = 45,2 MPa | roL = 0,0119 | roT
(1995) ") ;

disp('l5 - B2 [fcm = 44,1 MPa | roL = 0,0179 | roT
(1995) ") ;

disp('l6 - B3 [fcm = 44,9 MPa | roL = 0,0179 | roT
(1995) ") ;

disp('1l7 - B4 [fcm = 44,8 MPa | roL = 0,0298 | roT
(1995) ") ;

disp('18 - BS5 [fcm = 42,8 MPa | roL = 0,0298 | roT
(1995) ") ;

disp('19 - B6 [fcm = 43,0 MPa | roL = 0,0298 | roT
(1995) ") ;

disp(' ");

disp('Placas de Betdo Armado solicitadas com ALFA2=90°
disp('20 - F2 [fcm = --,- MPa | roL = 0,---— | roT
HSU (19--)"):;

disp('21 - F3 [fcm = --,- MPa | roL = 0,---— | roT =
HSU (19--)"):;

disp('22 - F4 [fcm = --,- MPa | roL = 0,---— | roT =
HSU (19--)"):;

disp(' ");

disp('23 - Introduzir manualmente os dados iniciais');
disp (" ")

disp('0 - Sair'");

disp(' '"):

IND = input('Escolha uma opgéo: ');

if IND >= 0 & IND <= 24
switch IND
case 1
VAQ ZHANG e HSU;
case 2
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)

0,0060]
0,0120]
0,0239]
0,0359]
0,0524]
0,0120]
0,0120]
0,0120]
0,0060]

0,0077]
0,0119]

0,0179]
0,0298]
0,0060]
0,0119]
0,0060]
0,0060]
0,0119]

0,0179]

ZHANG e HSU

ZHANG e HSU
ZHANG e HSU
ZHANG e HSU
ZHANG e HSU
ZHANG e HSU
ZHANG e HSU
ZHANG e HSU
ZHANG e HSU

(1997) ")
PANG e HSU

PANG e HSU
PANG e HSU
PANG e HSU
PANG e HSU
PANG e HSU
PANG e HSU
PANG e HSU
PANG e HSU
BELARBI e

BELARBI e

BELARBI e



VAl ZHANG e HSU;
case 3
VA2 ZHANG e HSU;
case 4
VA3 ZHANG e HSU;
case 5
VA4 ZHANG e HSU;
case 6
VBl ZHANG e HSU;
case 7
VB2 ZHANG e HSU;
case 8
VB3 ZHANG e HSU;
case 9
VB4 ZHANG e HSU;
case 10
AlIR 1997;
case 11
A2 PANG e HSU;
case 12
A3 PANG e HSU;
case 13
A4 PANG e HSU;
case 14
Bl PANG e HSU;
case 15
B2 PANG e HSU;
case 16
B3 PANG e HSU;
case 17
B4 PANG e HSU;
case 18
B5 PANG e HSU;
case 19
B6_PANG e HSU;
case 20
F2 BELARBI e HSU;
case 21
F3 BELARBI e HSU;
case 22
F4 BELARBI e HSU;
case 23
INTRODUZIR DADOS;
case 0
error ('SCRIPT INTERROMPIDO!')
clc
end
else
disp(' ");
disp ('O VALOR INTRODUZIDO NAO E VALIDO!');
disp(' ");
DADOS INICIAIS
end
end
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Exemplo de dados experimentais: Placa A2
function A2 PANG e HSU

SIL111TT7777 777770770777 07 770777077077 7777777777777777777777777777777777777
% DADOS EXPERIMENTAIS DA PLACA A2 - PANG E HSU (1995) /
SILLLLTTTIP 7777707777707 7 7777777777777 0007777777777 777777777777777

global roL roT Es fLy fTy Ec fcm e0 tal siglL sigT ely eTy

global sigl mLT mL mT

global e plot sigmaD plot eR plot aco plot el plot eT plot fL plot fT plot

global alfa plot tal plot gama plot tal Teo gama Teo sigmaR plot eRaux plot a b c

SIT1/1I1707 7707777777777 77777777777 77777777777777777777777777777777777777
$ DADOS INICIAIS /
SI/1/T1707 7707707777777 7777777777777 7777777777777 7777777777777777777777
% Taxas de armadura

roL = 0.01193;

roT = 0.01193;

o)

% Propriedades mecanicas dos acos

Es = 200000; $Modulo de elasticidade do aco (MPa)

fLy = 462.64; $Tensdo de cedéncia da armadura longitudinal (MPa)

fTy = 462.64; $Tensdo de cedéncia da armadura transversal (MPa)

% Propriedades mecénicas do betdo

fcm = 41.2; %$Resisténcia média do betdo (MPa)

Ec = 3875*sgrt (fcm); %Médulo de elast. do betdo (MPa) - Belarbi e Hsu (1994)
e0 = -2.1; $Extensdo ultima do betdo (1/1000)

o)

% Solicitacgdes no elemento de betdo armado (L-T):

tal = 2; %Tensdo tangencial (MPa)
sigL = 0; %$Tensdo de tracdo longitudinal (MPa)
sigT = 0; %$Tensdo de compressdo transversal (Mpa)

S/ 77777777777777777777777777777777777777777777777777/777777777/777777/777/
% CALCULOS PRELIMINARES /
S/ 77777 777777777777 7777777777777777777777777777/7777777777777/77/777777/7

eLy = fLy/Es*1000;

eTy = fTy/Es*1000;

sigl = (sigL + sigT)/2 + sqrt(((sigL - sigT)/2)"2 + tal”2);
mLT = tal/sigl;

mL = sigL/sigl;

mT = sigT/sigl;

//////////////////////////////////////////////////////////////////////////
% DADOS CURVAS EXPERIMENTAIS E TEORICAS
o//////////////////////////////////////////////////////////////////////////

e plot

sigmaD plot

sigmaR _plot

eR plot

eRaux plot

aco _plot

el plot

eT plot

fL plot
317.159]

fT plot

alfa plot

tal plot ; 0.317; 0.724; 0.979; 1.338; 1.655; 1.862; 2.034; 2.620;
3.482; 3.896; 4.344; 4.947; 4.895; 5.206; 5.283; 5.266; 5.309; 5.394];

gama_plot = [0; 0; O0; O; 0.150; 0.800; 1.100; 1.250; 1.900; 3.000; 3.350;
3.660; 4.700; 6.143; 10.600; 14.720; 18.220; 23.140; 28.000];

tal Teo [0; 1.565; 1.606; 2.758; 4.743; 4.935; 4.992; 5.394];

gama_Teo [0;0; 0.800; 2.100; 4.000; 6.000; 11.000; 28.000];

O Ne Ne Ne Ne N N

~.

1.600; 1.900; 2.886; 4.730; 13.190; 15.864; 19.000];

— O— OO OO OO

O ~.

; 342.035; 375.764; 379.212; 410.445; 428.785; 389.554;

— O O
O ~e N
~

L [
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%$Legenda

a = '"A2 Exp.';

b = 'eff. RA-STM';

c = ' RA-STM [Pang&Hsu-1995]"';
end
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Funcao para a introdu¢ao manual dos dados iniciais
function INTRODUZIR DADOS

SIL111TT7777 777770770777 07 770777077077 7777777777777777777777777777777777777
% DADOS INTRODUZIDOS MANUALMENTE /
NN

global roL roT Es fLy fTy Ec fcm e0 tal sigL sigT ely eTy

global sigl mLT mL mT

global e plot sigmaD plot sigmaR plot eR plot aco plot el plot eT plot fL plot
fT plot

global alfa plot tal plot gama plot tal Teo gama Teo eRaux plot a b c

SII1/TT7I7 0070707777777 7777707777777 7777777777777 7777777777777777777777
% DADOS INICIATIS /
SI11/177717 770777777777 7777 7777777777777 777777777777777777777777777777777777
% Dados inicias a introduzir pelo utilizador através de uma caixa de dialogo
prompt={'Taxa de armadura longitudinal:', 'Taxa de armadura transversal:', ...

'Médulo de elasticidade do aco (MPa):', 'Tensdo de cedéncia da armadura
longitudinal (MPa):',...

'Tensdo de cedéncia da armadura transversal (MPa):','Resisténcia do betéo
a compressao (MPa):',...

'Médulo de elasticidade do betdo (MPa):','Extens&do de compressdao do betéo
correspondente ao pico de tensdo (%):',...

'Tensdo tangencial no referencial L-T (MPa):','Tensdo normal na direcdo L
(MPa) : ', 'Tensdo normal na direcdo T (MPa):'};

title='Dados iniciais';

dims=[1 70];
definput={'0.01193','0.01193"','200000"',"'462.6"',"'462.6"','41.2",'24872.6"',"'~
2.1','2','0'",'0"}; % Valores por defeito
dados=inputdlg (prompt, title,dims,definput) ;

dadosl=str2double (dados) ;

% Taxas de armadura:

rol = dadosl (1);

roT dadosl (2);

o)

% Propriedades mecénicas dos agos:

Es = dadosl (3); %Moédulo de elasticidade do aco (MPa)

fLy dadosl (4); %$Tensédo de cedéncia da armadura longitudinal (MPa)
fTy dadosl (5); %Tensdo de cedéncia da armadura transversal (MPa)

% Propriedades mecanicas do betédo:

fcm = dadosl (6); %$Resisténcia média do betdo (MPa)

Ec dadosl (7); %Moédulo de elasticidade do betdo (MPa)
e0 dadosl (8); %Extensdo ultima do betdo (1/1000)

o)

% Solicitacdes no elemento de betdo armado (L-T):
tal = dadosl(9);

%$Tensdo tangencial (MPa)
siglL = dadosl (10); %$Tensdo de tracdo longitudinal (MPa)
sigT dadosl (1ll); %Tensédo de compressdo transversal (Mpa)

Y NV,

% CALCULOS PRELIMINARES /
SI/11777 777777777777 7777 7777777777777 77777777777777777777777777777777777777
ely = fLy/Es*1000;

eTy = fTy/Es*1000;

sigl = (sigL + sigT)/2 + sqrt(((sigL - sigT)/2)"2 + tal”2);

mLT = tal/sigl;

mL = sigL/sigl;

mT = sigT/sigl;

S/ 7777000707770 77777777 77777707 77777777777777777777777777777
% DADOS CURVAS EXPERIMENTAIS E TEORICAS (ndo existem) /
SIL111177777 7777707707770 770770777077 7777777777777777777777777777777777777
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e plot =
sigmaD plot
sigmaR plot
eR plot

eRaux plot
aco plot =
el plot =
eT plot =
fL plot =
fT plot =
alfa plot =
tal plot =
gama plot =
tal Teo =
gama_ Teo =

o
~e e o~e ~e

cNoNoRoNoNoNoloNoNoNololoNeNol
~

~e

~e N

. ~e

Ne Ne Ne Ne N

~e

= 'RA-STM [49]';
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Funcdo para o calculo das estimativas iniciais (MCTM)
function F = MCTM PLACA (alfaD)

N,
% COMPORTAMENTO LINEAR DA PLACA (MCTM) - ESTIMATIVAS INICIAIS PARA O RA-STM /
N,

global roL roT Es Ec eL eT eD sigl mLT mL mT

% Equacdes de equilibrio
eL=(mL+mLT*cot (alfaD))/ (Es*roL) *0.001*sigl ;
eT=(mT+mLT*tan (alfaD))/ (Es*roT)*0.001*sigl;

eD=-mLT/ (Ec*sin(alfaD) *cos (alfaD)) *0.001*sigl;

% Equacdo n&do linear
F = (elL-eD)/ (eT-eD)-(tan(alfaD))"2;

end
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Funcao do RA-STM

function COMP_PLACA

SIL1TTTTT777 7770077077707 7777770777077 7777777777777777777777777777777777777

% COMPORTAMENTO CARGA-DEFORMCAO DA PLACA (RASTM PAINEL) /
SIL1TTTT77 7777077707777 777770777077 7777777777777777777777777777777777777
global el eT eD sigmaD eR fL fT fcm rolL roT sigmaR

global ED SIGMAD TAL GAMA EL ET FL FT ALFAD ER ROLFL ROTFT tal plot gama plot
SIGMAR

)

% Estimativa inicial com base no MCTM:

x (1) = eL*1000;
x(2) = eT*1000;
edl = eD*1000;

% Numero méximo de pontos e tamanho do passo:

pontos = 1000;
passo = 4/pontos;
% Calculo comportamento tensdo-deformacéo:
for i = l:pontos
options = optimset ('TolX',107-10, ' 'TolFun',107-10);
x = lsgnonlin (@ (x) RASTM PLACA(x,edl-passo*i),x,[0,0],[],options);
% Criar vetores de comportamento:
$%%% ED(1) = eD - passo*i; % Original do Cerquido...
ED (1) = edl - passo*i; % Corrigido (mas n&o altera...)
SIGMAD (i)= sigmaD;
SIGMAR (i)= sigmaR;
COSs = (x(2)-ED(1))/ (eR-ED(1i));
SIN = (x(1)-ED(1))/ (eR-ED (1)) :
TAL (1) = (-SIGMAD(i)+SIGMAR(1i))*sqgrt (COS*SIN) ;
GAMA (1) = 2*(eR-ED(1i)) *sgrt (COS*SIN) ;
EL (1) = x(1);
ET (1) = x(2);
FL (1) = fL;
FT (1) = fT;
ALFAD (i) = -atan(sqrt(SIN/COS))*180/pi;
ER(1i) = EL(i) + ET(i) - ED(1);
ROLFL ROTFT (1) = FL(i)*roL + FT(i)*roT;
% Critérios de paragem (betdo normal e de alta resisténcia)
% (Egs. 2.19 e 2.20..):
if fcm <= 58
if - ED(i) >= 3.5;
break
end
else
if - ED(i) >= 2.8 + 27 * ((98-fcm)/100)"4;
break
end
end
end

MAXTAL = max (TAL) ;

MAXGAMA] = GAMA (find (TAL==max (TAL))) ;

MAXTAL PLOT = max(tal plot);

MAXGAMA PLOT = gama_ plot (find(tal plot==max(tal plot)));
disp('Valores tGltimos (maximos) s&o:');

fprintf ('Tau u,th: %f kN.m\n', MAXTAL);

fprintf ('Gama u, th: $f rad/m\n',MAXGAMAJ) ;
fprintf ('Tau u,exp: %$f kN.m\n',MAXTAL PLOT);
fprintf ('Gama u,exp: $f rad/m\n',MAXGAMA PLOT) ;
fprintf ('\n"')

end
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function F = RASTM PLACA (x,edl)

S/I/LTTLLT7 0070777777077 07 7770770777 777777777777777777777777717777777777777
% COMPORTAMENTO NAO-LINEAR DA PLACA (RA-STM) /
S/ILLLTLT700 7071077707707 7 0770777 777777777777777777777777777777777777777

global roL roT Es fcm fLy fTy e0 mLT mL mT sigmaD csi eR fL fT elLy eTy sigmaR
global Ec sigL sigT

& CALCULOS INICIAIS ////////////////////////////////1)717117/7701711117771)/

% Principio da Invariédncia
eR = x(1) + x(2) - edl;

% Coeficiente de Amolecimento
R = 5.8/ (sqrt(fcm));
if R <= 0.9
R linha = R;
else
R linha

0.9;
end

n = (roT*fTy-sigT) / (roL*fLy-sigL);
if n <=1
n_linha = n;
else
n linha = 1/n;
end

csi = R linha/ (sqrt(1+((0.4%*eR)/n_linha)));
% Relacdo constitutiva do betdo a compresséo
if edl > csi*e0
sigmaD = -csi*fcm* (2* (edl/ (csi*e0)) - (edl/ (csi*e0))"2);
else
sigmaD = -csi*fcm* (1-((edl/(csi*e0)-1)/((4/csi)-1))"2);
end
% Relacdo constitutiva do aco
fcr = 0.311 * sqgrt(fcm);

% Armadura Longitudinal
BL (1/roL) * (fcr/fLy)~1.5;
enkL eLy*10"-3*(0.93-2*BL) ;

if x(1)*107-3 <= enL

fLL = x(1)*10"-3*Es;
else

fL = fLy*((0.91-2*BL)+(0.02+0.25*BL) * (x (1) /eLy) ) ;
end

% Armadura Transversal
BT = (1/roT)* (fcr/fTy)"1.5;
enT = eTy*10"-3*(0.93-2*BT) ;

if x(2)*107-3 <= enT

fT = x(2)*10"-3*Es;
else

fT = fTy*((0.91-2*BT)+(0.02+0.25*BT) * (x(2) /eTy) ) ;
end

% Relacdo constitutiva do betdo a tracéo
ecr = 0.08;
sigmaR = fcr* (ecr/ (eR+ecr))"0.4;

% Tensdo principal de tracéao
A = mL*mT - mLT"2;
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mL* (sigmaR + roT*fT) + mT* (sigmaR + roL*fL);
(sigmaR + roT*fT)* (sigmaR + roL*fL);
igmal = (1/(2*A))* (B-sqrt (B"2-4*A*C)) ;

B
C
S

X

% COMPORTAMENTO NAO LINEAR RA-STM //////////////////////////////////////////

% Sistema de equacdes ndo-linear

F(l) = sigmaD* (x(1)-edl)/ (eR-edl)-mT*sigmal+roT*fT + sigmaR* (x(2)-edl)/ (eR-
edl) ;

F(2) = sigmaD* (x(2)-edl)/ (eR-edl)-mL*sigmal+roL*fL + sigmaR* (x(1)-edl)/ (eR-
edl) ;

end
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Funcao para impressao das curvas de comportamento da placa
function PLOT PLACA

o//////////////////////////////////////////////////////////////////////////
% IMPRESSAO DAS CURVAS DE COMPORTAMENTO TENSAO-DEFORMACAO DA PLACA

o//////////////////////////////////////////////////////////////////////////
global ED SIGMAD TAL GAMA EL ET FL FT ER ROLFL ROTFT SIGMAR

global e plot sigmaD plot eR plot aco plot el plot eT plot fL plot fT plot
global tal plot gama plot tal Teo gama Teo sigmaR plot eRaux plot a b c

% DADOS INICIAIS ////////////777 1777777777777 777777777777777777777777777777

% Opcgao:

disp('l - Curva tensdo-deformagdo de compressdo do betdo');
disp('2 - Curva tensdo-deformagdo de tracdo do betdo');

disp ('3 - Curva tensdo-deformacdo da armadura longitudinal');
disp('4 - Curva tensdo-deformagdo da armadura transversal');
disp('5 - Curva tensdo-deformagdo da armadura longitudinal e transversal');
disp('6 - Curva tensdo-deformacdo de corte da placa');

disp(' ')

disp('7 - Voltar ao inicio');

disp('0 - Sair');

disp(' ");

IND = input('Escolha uma opcgédo: ');

$ IMPRESSAO DAS CURVAS //////////////////////////////////////////////)/////

while IND > 0
switch IND

case 1
% 1 - Curva tensdo-deformacdo de compressdo do betdo
hold on
plot (-e plot,-sigmaD plot, '-rs', 'LineWidth',2, 'MarkerSize',7)
plot (-[0 ED],-[0 SIGMAD],'--b','LineWidth',2)%1.5)
% Titulos
xlabel ('"\epsilon D (1/1000)");
ylabel ("\sigma D (MPa)");

legend(a, ...
b, 'Location', "'southeast');
grid on
hold off
case 2
% 2 - Curva tensdo-deformacdo de tracdo do betdo
hold on
plot (eRaux_plot, sigmaR plot '-rs', 'LineWidth', 2, '"MarkerSize', 7)
plot ([0 ER], [0 SIGMAR],'--b', 'LineWidth',2)%1.5)

% Titulos
xlabel ('"\epsilon R (1/1000)");
ylabel ("\sigma R (MPa)");

legend(a, ...
b, 'Location', "southeast');
grid on
hold off
case 3
% 3 - Curva tensdo-deformacdo da armadura longitudinal
hold on

plot (el plot, fL plot, '--rs', 'LineWidth',2, 'MarkerSize',7)
plot ([0 EL], [0 FL],'-g', 'LineWidth',2)
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o)

% Titulos
xlabel ('\epsilon L(1/1000)");
ylabel ('f L (MPa)'");

legend(a, ...
b, 'Location', 'southeast');
grid on
hold off
case 4
% 4 - Curva tensdo-deformacdo da armadura transversal
hold on

plot (eT plot,fT plot,'--rs','LineWidth',2, 'MarkerSize',7)
plot ([0 ET], [0 FT],'-g', 'LineWidth',2)
% Titulos
xlabel ('"\epsilon T (1/1000)");
ylabel ('f T (MPa)');
legend(a, ...

b, 'Location', 'southeast');
grid on
hold off

case 5
% 5 - Curva tensdao-deformacdao da armadura long. e transv.
hold on
plot (eR plot,aco plot, '--rs', 'LineWidth', 2, '"MarkerSize',7)
plot ([0 ER], [0 ROLFL ROTFT], '-g', 'LinewWidth', 2)
% Titulos

xlabel ('"\epsilon R (1/1000)");

ylabel ("\rho Lf L+\rho Tf T (MPa)');

legend(a, ...
b, 'Location', 'southeast');
grid on
hold off
case 6
% 6 - Curva tensdo-deformacdo de corte da placa
hold on

plot (gama plot,tal plot, '-rs', 'LineWidth',2, 'MarkerSize',7)
plot ([0 GAMA], [0 TAL], '--b','LineWidth',2)
plot (gama Teo, tal Teo, '-k','LineWidth',1)
% Titulos
xlabel ('"\gamma L T (1/1000)");
ylabel ("\tau L T (MPa)");
legend(a, ...

b,...

c, 'Location', '"southeast');
grid on
hold off

case 7
if IND ==
inicio;
break
end
end
disp(' ");
IND = input('Escolha uma opcao: '");

end
end
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Anexo Il. Previsoes teodricas do RA-STM RC v2

Placa VAO (Zhang e Hsu, 1998)

Curva po + pr./%' —&r

123

101 15
e T S
£ e
1
l‘
1h
) ) Y
o o
= = 1
[=] o L]
© = ~
L
0.5 S
-
-~
-
o N
—8—VAD Exp = | —e—va0 Exp.
- = = Eff. RA-STM — = —Eff. RA-STM
G\ 1 1 1 1 1 i D:J 1 1 1 1 1 1 1 1 1 1
0 05 1 15 2 25 3 0 10 20 30 40 50 60 70 80 90 100
¢, (1/1000) ¢ (1/1000)
Curva 5 — ¢, Curva 5 _ .,
800 800
700 / 700 | /
600 600
500 |- 500 |-
w ©
o o
= 401 / S ool /
H—J H—'_
300 [ 300 [
200 - 200 -
100 = 8 = VA Exp. 100 = B8 = VA Exp.
Eff. RA-STM Eff. RA-STM
G:ﬂ 1 1 1 1 1 1 1 1 1 ] G:ﬂ 1 1 1 1 1 1 1 1 1 ]
5 0 15 20 25 30 35 40 45 50 5 0 15 20 25 30 35 40 45 50
¢, (1/1000) e1 (1/1000)
Curva r _ Curva p _o
ar - 51
/
-
L 451 -z
8 - Q'Bu ibs Fg
- I
- -
T oqf L
pe
= 6@
o ! =3
= st g
i
- P £,
£ 40 ot
i K
l‘—J '
!
sl
=S JAD Exp.
1 = 8 = VAO Exp. HE —- = =Eff. RA-STM
Eff. RA-STM ) RA-STM (Zhang&Hsu,1998)
0B : \ : : : \ : : : | oh : \ ‘ : ; : : : : |
10 20 30 40 50 60 70O 80 90 100 0 10 20 30 40 50 60 70 80 90 100
e (1/1000) 7,5 (1/1000)

Curva T —Vir



o, (MPa)

Placa VA1 (Zhang e Hsu,
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Placa VA2 (Zhang e Hsu, 1998)
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Placa B1 (Pang e Hsu, 1995)
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Placa B2 (Pang e Hsu, 1995)
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Placa B3 (Pang e Hsu, 1995)
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Placa B4 (Pang e Hsu, 1995)
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Anexo lll. Cédigo em MATLAB do RA-STM PC v2
Script para iniciar o RA-STM PC v2

N NN,
/17

% RA-STM PC v2 - ROTATING ANGLE SOFTENED TRUSS MODEL - PRESSTRESSED CONCRETE
v2 /

/)17 7777007777 ST
///

% Inicio

clear all; clc;

% Dados de entrada e escolha da placa
DADOS_INICIAIS; tic;

% Calculo das estimativas iniciais (MCTM)

alfaDl = (lsgnonlin (@ (alfaD) MCTM_PLACA(alfaD),0.0l,[],O))*180/pi;
% Vetores finais e solucéo
COMP_PLACA;

% Plotagem

toc; PLOT_PLACA;
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Funcao para a escolha das placas / Introducao dos dados iniciais
function DADOS INICIAIS
S///1111TI110107771070777007777770707777017717177777710777711777711117777171

% SELECAO DA PLACA /
SI11/1T1707 0707007777777 7777777777777 77777777777777777777777777777777777

disp('Selecione os dados iniciais');

disp(' ");

disp('l - TA-1 - NSC: fcm=41.47 MPa - Laskar, A. et al. (2007)");
disp('2 - TA-2 - NSC: fcm=41.33 MPa - Laskar, A. et al. (2007)");
disp('3 - TA-3 - NSC: fcm=42.21 MPa - Laskar, A. et al. (2007)");
disp('4 - TA-4 - NSC: fcm=42.54 MPa - Laskar, A. et al. (2007)");
disp('5 - TA-5 - NSC: fcm=41.08 MPa - Laskar, A. et al. (2007)"');
disp('6 - PP2 - NSC: fcm=28.10 MPa - Marti e Meyboom (1992)"');
disp('7 - PP3 - NSC: fcm=27.70 MPa - Marti e Meyboom (1992)"');
disp(' ");

disp ('8 - Introduzir manualmente os dados iniciais');

disp(' ");

disp('0 - Sair');

disp(' ");

INDD = input ('Escolha uma opcdo: ');

if INDD >= 0 & INDD <= 8
switch INDD

case 1
TA 1 LASKAR e al;
case 2
TA 2 LASKAR e al;
case 3
TA 3 LASKAR e al;
case 4
TA 4 LASKAR e al;
case 5
TA 5 LASKAR e al;
case 6
PP2 MARTI e MEYBOOM;
case 7
PP3 MARTI e MEYBOOM;
case 8
INTRODUZIR DADOS;
case 0
error ('SCRIPT INTERROMPIDO')
clc
end
else
disp(' ");
disp ('O VALOR INTRODUZIDO NAO E VALIDO!');
disp(' ");
DADOS INICIAIS
end
end
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Exemplo de dados experimentais: Placa TA-5
function TA 5 LASKAR e al

SIL111TT7777 777770770777 07 770777077077 7777777777777777777777777777777777777
% DADOS EXPERIMENTAIS DA PLACA TA-5 - Laskar et al (2007) /
N N,

global roL roT Es fLy fTy Ec fcm e0 tal siglL sigT elLy eTy fp0Ol

global sigl mLT mL mT

global e plot sigmaD plot tal smm plot gama smm plot fpulinha

global tal plot gama plot a b Ac m ed plot tal ed plot

global roLP roTP Elng ElpsT EpsL Epsf edecL edecT fpu fpil fpiT zL zT ApsT
ApsL dET dEL yL yT

global AsL AsT Aps ePil ePiT eLil eLiT er plot tal er plot e smm plot
sigmaD_smm plot d

$Propriedades da seccédo de betéo
Ac= 17.8%139.8; %Area bruta da seccido de betdo (cm"2)

$Propriedades mecdnicas dos acos ordinarios:

Es = 192200; %Moédulo de elasticidade do aco (MPa)

fLy = 415.1; %Tensdo de cedéncia do aco longitudinal (MPa)
fTy = 415.1; %Tensdo de cedéncia do ago transversal (MPa)
AsL= 2.76; %Area minima de aco ordindrio Longitudinal (cm"2)
AsT= 19.16; %Area de aco ordindrio Transversal (cm”"2)

%$Criar vetores:
rolL = AsL/Ac; %Taxa Mec. de armadura ordindria Longitudinal.
roT = AsT/Ac; %Taxa Mec. de armadura ordindria Transversal.

$Propriedades mecédnicas dos acos de pré-esforco:

ElpsL = 209000; %Médulo de elasticidade de Ramberg-Osgood P.E-Longitudinal
(MPa)

ElpsT = 209000; %Médulo de elasticidade de Ramberg-Osgood P.E-Transversal
(MPa)

EpsL = 200000; %Médulo de elasticidade da armadura de P.E-Longitudinal (MPa)
EpsT = 200000; %Moédulo de elasticidade da armadura de P.E-Transversal (MPa)
fpu = 1793;

fpulinha= 1862; %Tensdo tGltima da armadura de P.E. (MPa)

fp0l = 1670; %Tensédo de propocionalidade (MPa)

m =5;

ApsL= 10.45;

ApsT= 0;

fpil=986;

fpiT=0;

o)

% Propriedades mecanicas do betédo:

fecm = 41.08; %Resisténcia média do betédo (MPa)

Ec = 3875*sqgrt (fcm); $Mdédulo de elasticidade do betdo (MPa) (Belarbi e Hsu
(1994))

e0 = -2.1; $Deformacdo Ultima do betdo (1/1000)

$CALCULOS PRELIMINARES RELATIVOS AO PRE—ESFORCO
Aps=ApsT+ApsL; %Area total de armadura de P.E.

rolLP = ApsL/Ac; %Taxa Mec. de armadura de P.E-longitudinal
roTP = ApsT/Ac; %Taxa Mec. de armadura de P.E-transversal.
ePil= fpiL/EpsL; %Extensdo inicial no aco de P.E-longitudinal
ePiT= fpiT/EpsT; %Extensdo inicial no aco de P.E-transversal.

eLilL= ApsL*fpil/ (AsL* (Es-Ec)+Ec* (Ac-ApsL)); $%$Extensdo no aco ordinario
longitudinal

eLiT= ApsT*fpiT/ (AsT* (Es-Ec)+Ec* (Ac-ApsT)); %$Extensdo no aco ordinario
transversal

edecT = ePiT+eliT; %Extensdo de descompressdo transversal

edeclL = ePilL+eliL; %Extensdo de descompressdao longitudinal

%$Solicitacdes no elemento de betdo armado (L-T):
tal = -3.69; %Tensdo de corte (MPa)

147



sigL = 0; $Tensdo de tracdo longitudinal (MPa)
sigT 0; $Tensdo de compressdo transversal (MPa)

$CALCULOS PRELIMINARES

eLy = fLy/Es*1000;

eTy = fTy/Es*1000;

sigl = (sigL + sigT)/2 + sqrt(((sigL - sigT)/2)"2 + tal”2);
mL = sigL/sigl;

mT = sigT/sigl;

mLT = tal/sigl;

%$CORRECAO DA CURVA

%$Resolucdo do valor de extensdo (Y) para a equacdo ndo-linear:
$Anédlise Longitudinal

$Definir yL como varidvel simbdlica

syms yL

%$Equacdo a resolver
y=-0.7*fpulinha+ElpsL* (yL) / (1+ (ElpsL* (yL) /fpu) *m) "~ (1/m) ;
yL=solve (y,yL) ;

%$Retornar o valor em numero:

yL=double (yL) ;

$Anédlise Transversal;

$Definir yT como varidvel simbdlica

syms yT

%$Equacdo a resolver
y=-0.7*fpulinha+ElpsT* (yT)/ (1+ (ElpsT* (yT) /fpu) "m) ~ (1/m) ;
yT=solve (y,yT);

$Retornar o valor em numero:

yT=double (yT) ;

$Resolugdo do valor de extensdo (Z) para a equagdo linear:
$Andlise Longitudinal

zL=0.7*fpulinha/EpsL;

%$Andlise Transversal

zT=0.7*fpulinha/EpsT;

%Calculo do delta E

$Andlise longitudinal

dEL= zL-yL;

%$Andlise transversal

dET= zT-yT;

$DADOS PLOTAGEM DA PLACA TA-5

e _plot = [0;-0.0005%10"2;-0.0007*10"2;-0.0013*10"2;-0.0007*10"2; -
0.0014*10"2;-0.0017*10"2;-0.0018*1072;-0.0021*1072;-0.0025%10"2;-0.0023*10"2; -
0.0020*10"2;-0.0019*10"2;-0.0031*1072;-0.0053*1072;-0.0117%10"2;-0.0138*10"2; -
0.0164*10"2;-0.0248*10"2;-0.0333*10"2];

sigmaD plot = [0;-2.0743;-2.4236;-3.4245;-3.5880;-4.3917;-5.1051;-6.3701;-
7.2823;-8.0491;-8.4663;-8.8341;-9.0645;-9.3766;-9.3134;-8.9090,-8.7938; -
8.7715;-8.4009;-8.17301;

e smm plot =
[0;0.0010*%1072;0.0015%*1072;0.0021*%10%2;0.0026*1072;0.0030*10"2;0.0032*1072;0.0
036*1072;0.0041%1072;0.0045*1072;0.0056%*1072;0.0090*1072;0.0143*1072;0.0185*10
72;0.0196*1072;0.0266*1072;0.0355*10"2];

sigmaD smm plot =
[0;3.8163;5.6827;7.2782;8.0703;8.6450;9.0112;9.3144;9.6175;9.7311;9.7122;9.453
3;9.0933;8.7585;8.5432;7.9269;7.12731;

tal plot =
[0;1.7113;2.8281;3.1311;3.4866;3.8684;4.2211;4.3975;4.5343;4.5702;4.6321;4.736
2;4.7264;4.7948;4.7851;4.5603;4.5179;4.4919;4.3187;4.2079;4.0112;3.9233;3.7930
73.5291;3.2131];

gama_plot =
[0;0.0001*%1073;0.0002*1073;0.0004*1073;0.0010%1073;0.0020*%1073;0.0029*10"3;0.0
040*%1073;0.0050%*1073;0.0060*1073;0.0070%1073;0.0080*10"3;0.0090*1073;0.0105*10
~3;0.0120%1073;0.0131*1073;0.0140*%1073;0.0151*10"3;0.0176*1073;0.0195*10"3;0.0
215*1073;0.0235*%1073;0.0276*1073;0.0296*1073;0.0306*10"3];

tal smm plot =
[0;1.988305;2.748599;3.509252;3.435904;3.373009;3.743467;4.156094;4.296016;4.4
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40923;4.584589;4.750968;4.950161,;4.948201;4.645234;4.454937;4.291455;4.093453;
3.767343;3.401383;2.8620371];

gama_ smm plot =
[0;0.000072*%1073;0.000136*10"3;0.000227*%1073;0.000674*1073;0.001227*1073;0.002
110*1073;0.003161*1073;0.004413*1073;0.005310*10"3;0.006098*1073;0.007382*10"3
;0.009312%1073;0.009749*1073;0.011971*1073;0.013344*1073;0.013989*1073;0.01540
5%1073;0.017388*1073;0.019351*10"3;0.021708*10"3];

er plot =
[0;0.0001*%10%2;0.0003*¥1072;0.0009*1072;0.0018*1072;0.0028*10"2;0.0038*1072;0.0
049*1072;0.0058*1072;0.0069*1072;0.0079*%1072;0.0089*1072;0.0103*1072;0.0116*10
~2;0.0119%1072;0.0127*1072;0.0135*%1072;0.0151*1072;0.0162*1072;0.0174*1072;0.0
186*1072;0.0197*1072;0.0208*1072;0.0218*1072;0.0222*10"2];

tal er plot =
[0;2.7819;3.0835;3.4723;3.8085;4.1552;4.3233;4.4490;4.4910;4.5751;4.6696,;4.698
4;4.7327;4.7117;4.5330;4.4805;4.4280;4.2599;4.1821;3.9552;3.8606;3.8017;3.7451
73.4509;3.1672];

ed plot =
[0;0.000012*1073;0.000030*10"3;0.000065*1073;0.000089*1073;0.000099*1073;0.000
116*1073;0.000135*%1073;0.000165*10"73;0.000199*10"3;0.000181*10"3;0.000163*10"3
;70.000147*1073;0.000141*1073;0.000098*1073;0.000260*%1073;0.000476*10"3;0.00111
5*%1073;0.001327*1073;0.001581*10"3;0.002414*10"3];

tal ed plot =
[0;0.365346;1.010266;1.703109;2.429199;2.796658;3.115346;3.474420;3.815117;4.1
94067;4.369897;4.498361;4.578853;4.678480;4.671198;4.788921;4.753095;4.550107;
4.483645;4.465054;4.306580];

a = "TA-5 Exp.";

b = '"Eff. RA-STM';

d = 'SMM-PC (Laskar et al.,2007)"';
end
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Funcao para a introdu¢ao manual dos dados iniciais
function INTRODUZIR DADOS

SIL1TTTTT777 7777707707770 7 77777077 70777777777777777777777777777777777777777
DADOS INTRODUZIDOS MANUALMENTE /
N NN

oe

global roL roT Es fLy fTy Ec fcm e0 tal siglL sigT ely eTy fp0Ol

global sigl mLT mL mT

global e plot sigmaD plot tal smm plot gama smm plot fpulinha

global tal plot gama plot a b Ac m ed plot tal ed plot

global roLP roTP ElEsL ElpsT EpsL EpET edecL edecT fpu fpil fpiT zL zT ApsT
ApsL dET dEL yL yT

global AsL AsT Aps ePil ePiT eLil eLiT er plot tal er plot e smm plot
sigmaD_smm plot d

SI/1117 777777777 77777777777777777777777777777777777777777777777777777777777
DADOS INICIAIS /
SI11117777 777777777777 77777777777777777777777777777777777777777777777777777

o

o

Dados inicias a introduzir pelo utilizador através de uma caixa de
% dialogo
prompt={'Area bruta da seccdo de betdo (cm”2):','Area de armadura longitudinal
ordinaria (cm™2):',...

'Area de armadura transversal ordinaria (cm”2):','Tensdo de cedéncia da
armadura longitudinal ordindria (MPa):',...

'Tensdo de cedéncia da armadura transversal ordinaria (MPa):', 'Moédulo de
Elasticidade da armadura ordindria (MPa)', ...

'Area de armadura de pré-esforco longitudinal (cm”™2):', 'Area de armadura
de pré-esforco longitudinal (cm™2):',...

'Tensdo limite de propocionalidade a 0.1% da armadura de pré-esforco
(MPa) : ', ...

'Tensdo ultima da armadura de pré-esforco (MPa):','Médulo de Elasticidade
da armadura de pré-esforco (MPa):',...

'Tensdo de pré-esforco inicial na armadura de pré-esforco longitudinal
(MPa) : ', ...

'Tensdo de pré-esforco inicial na armadura de pré-esforco transversal
(MPa) : ', ...

'Resisténcia do betdo a compresséo (MPa):', 'Médulo de elasticidade do betéo
(MPa) : ', ...

'Extensdo de compressdo do betdo correspondente ao pico de tenséo
(%) : ') ...
'Tensdo tangencial no referencial L-T (MPa):',6 'Tensdo normal na direcdo L
(MPa) : ', 'Tensdo normal na direcdo T (MPa):'};
title='Dados iniciais';
dims=[0.8 80];
definput={"'2488.44"','1','19.6"',"415.1"',"'415.1"','192200"','10.45"','0',"'"1670",'17
93','200000','1084.6"','0", ...

'41.08','24836','-2.1"','-3.69','0','0"'}; % Valores por defeito

dados=inputdlg (prompt,title,dims,definput) ;
dadosl=str2double (dados) ;

% Propriedades da secgédo de betédo:
Ac = dadosl(l); %Area bruta da seccdo de betdo (cm”2)

$Propriedades mecédnicas das armaduras ordinarias:
AsL = dadosl(2); %Area de aco ordindrio Longitudinal (cm”2)
AsT = dadosl(3); %Area de aco ordindrio Transversal (cm”2)
fly = dadosl (4); %Tensédo de cedéncia do aco longitudinal (MPa)
(
(

fTy = dadosl (5); %Tensdo de cedéncia do aco transversal (MPa)
Es = dadosl (6); %Moédulo de elasticidade do aco (MPa)

%$Criar vetores:
rolL. = AsL/Ac; %Taxa Mec. de armadura ordindria Longitudinal.
roT = AsT/Ac; %Taxa Mec. de armadura ordinaria Transversal.

$Propriedades mecédnicas dos acos de pré-esforco:
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ElpsL = 209000; %Médulo de elasticidade de Ramberg-Osgood P.E-Longitudinal
(MPa)

ElpsT = 209000; %Médulo de elasticidade de Ramberg-Osgood P.E-Transversal
(MPa)

ApsL= dadosl (7); %Area de aco de pré-esforco longitudinal (cm”2)

ApsT= dadosl (8); %Area de aco de pré-esforco transversal (cm”2)

fp0l = dadosl(9); %Tensdo limite de propocionalidade a 0.1% da armadura de
pré-esforco (MPa)

fpu = dadosl (10); %Tens&o ultima da armadura de pré-esforco (MPa)
fpulinha= 1862; %Tensdo Ultima da armadura de P.E. (MPa)

m =5;

EpsL = dadosl(1ll); %Médulo de elasticidade da armadura de P.E-Longitudinal
(MPa)

EpsT = dadosl(1ll); %Médulo de elasticidade da armadura de P.E-Transversal
(MPa)

fpil = dadosl(12); %Tensdo de pré-esforgo inicial na armadura de P.E.
longitudinal (MPa)

fpiT = dadosl(13); %Tensdo de pré-esforgo inicial na armadura de P.E.
transversal (MPa)

% Propriedades mecéancias do betédo:

fcm = dadosl (14); %Resiténcia do betdo a compressao (MPa)

Ec = dadosl(15); %Médulo de elasticidade do betédo

e0 = dadosl(1l6); % Extensdo correspondente ao pico de tensdo (1/1000)
$CALCULOS PRELIMINARES RELATIVOS AO PRE—ESFORCO

Aps=ApsT+ApsL; %Area total de armadura de P.E.

roLP = ApsL/Ac; $Taxa Mec. de armadura de P.E-longitudinal

roTP = ApsT/Ac; %Taxa Mec. de armadura de P.E-transversal.

ePil= fpiL/EpsL; %Extensdo inicial no ago de P.E-longitudinal

ePiT= fpiT/EpsT; S%$Extensdo inicial no aco de P.E-transversal.

eLil= ApsL*fpil/ (AsL* (Es-Ec)+Ec* (Ac-ApsL)); $%$Extensdo no aco ordinario
longitudinal

eLiT= ApsT*fpiT/ (AsT* (Es-Ec)+Ec* (Ac-ApsT)); %$Extensdo no aco ordinario
transversal

edecT = ePiT+elLiT; %Extensdo de descompressdo transversal

edeclL = ePil+elil; %Extensdo de descompressdo longitudinal
$Solicitacgdes no elemento de betdo armado (L-T):

tal = dadosl(17); $Tensdo de corte (MPa)

siglL = dadosl (18); %Tensdo de tracdo longitudinal (MPa)

sigT = dadosl(1l9); %Tensdo de compressdo transversal (MPa)

$CALCULOS PRELIMINARES

eLy = fLy/Es*1000;

eTy = fTy/Es*1000;

sigl = (sigL + sigT)/2 + sqrt(((sigL - sigT)/2)"2 + tal”2);

mL = sigL/sigl;

mT = sigT/sigl;

mLT = tal/sigl;

%CORRECAO DA CURVA PARA ESTA PLACA

%Resolugdo do valor de extensdo (Y) para a equagdo ndo-linear:
$Analise Longitudinal

$Definir yL como variavel simbdlica

syms vL

%$Equacdo a resolver
y=-0.7*fpulinha+ElpsL* (yL) / (1+ (ElpsL* (yL) /fpu) "m) ~ (1/m) ;

yL=solve (y, yL) ;

$Retor

nar o valor em numero:

yL=double (yL) ;

$Anali
%Defin
syms vy
SEquag
y=-0.7

se Transversal;

ir yT como variavel simbdlica

T

do a resolver
*fpulinha+ElpsT* (yT) / (1+ (ElpsT* (yT) /fpu) "m) ~ (1/m) ;

yT=solve (y,yT);

$Retor

nar o valor em numero:
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yT=double (yT) ;

%$Resolucdo do valor de extensdo (Z) para a equacgdo linear:
%$Andlise Longitudinal

zL=0.7*fpulinha/EpsL;

%$Andlise Transversal

zT=0.7*fpulinha/EpsT;

%Calculo do delta E

$Anédlise longitudinal

dEL= zL-yL;
$Anadlise transversal
dET= zT-yT;

$DADOS PLOTAGEM

e plot = 0;
sigmaD_plot = 0;

e smm plot = 0;
sigmaD _smm plot = 0;
tal plot = 0;
gama_plot = 0;

tal smm plot = 0;
gama_smm_plot = 0;

(@}

er plot =
tal er plot
ed plot

tal ed plot

Il
.~

Il
~

O O O o
~

~e

—_ o .
'Eff. RA-STM';

LI
’

a
b
d

end

152



Funcdo para o calculo das estimativas iniciais (MCTM)
function F=MCTM PLACA (alfaD)

N YN
% COMPORTAMENTO LINEAR DA PLACA (MTCM) - ESTIMATIVAS INICIAIS PARA O RA-STM/
SILLLLTTTIP 7777707777707 7 7777777777777 0007777777777 777777777777777

global roL roT Es Ec el eT eD sigl mLT mL mT roLP roTP fpil fpiT

el = (mL+mLT*cot (alfaD))/ (Es*roL)*0.001*sigl-((roLP*fpiL/ (Es*roL))*0.001);
eT = (mT+mLT*tan (alfaD))/ (Es*roT)*0.001*sigl-((roTP*fpiT/ (Es*roT))*0.001);
eD = -mLT/ (Ec*sin(alfaD) *cos(alfaD))*0.001*sigl;

$Equacdo ndo-linear de estimativa inicial MCTM
F = (elL-eD)/ (eT-eD)-(tan(alfaD))"2;

end
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Funcao do RA-STM

function COMP_PLACA

SIL1TTTT777 7770777077707 777770777077 7777777777777777777777777777777777777
% COMPORTAMENTO CARGA-DEFORMCAO DA PLACA (RASTM PLACA) /
LITTTTT TP 7777 7700777777770 777700077777 777777777777777777

o

global roL roT eR eL eT EL ET fL fT FL FT fcm fpT fplL FPT FPL

global ED SIGMAD TAL GAMA ALFAD ER ROLFL ROTFT ETOTALL ETOTALT EDECL EDECT
SIGMAR

global eD sigmaD edecL edecT etotall etotalT tal plot gama plot sigmaR

$Estimativa inicial com base no MCTM

x (1) eL*1000;
x(2) eT*1000;
edl = eD*1000;
etotall = edecL+x (1) ;
etotalT = edecT+x(2);

$Numero méaximo de pontos e tamanho do passo
pontos = 1000;
passo = 4/pontos;

$Calculo comportamento carga-deformagado
for i = 1l:pontos

options = optimset('TolX',107-10, 'TolFun',107-10);
x = lsgnonlin(@(x) RASTM PLACA (x,edl-passo*i),x,[0,0],[],options);

$Criar vetores de comportamento:
ED (1) = edl - passo*i;
SIGMAD (i)= sigmaD;
SIGMAR (i)= sigmaR;

Cos = (x(2)-ED(1))/ (eR-ED(1)) ;

SIN = (x(1)-ED(i))/ (eR-ED (1)) ;

TAL (1) = (-SIGMAD(i)+SIGMAR(1i))*sqgrt (COS*SIN) ;
GAMA (1) = 2*(eR-ED(1i)) *sgrt (COS*SIN) ;

EL (1) = x(1);%*10"-3;

ET (1) = x(2);%*10"-3;

FL (1) = fL;

FT (1) = fT;

ALFAD (1) = -atan(sqrt(SIN/COS))*180/pi;

ER (i) = EL(1i)+ET (i) -ED(i);

ROLFL_ROTFT (i) = FL(i)*roL+FT (i) *roT;

$Relativamente ao pré-esforcgo

FPT (1) = fpT;

FPL (1) = fpL;
ETOTALL (i) = etotall;
ETOTALT (i) = etotalT;
EDECL (i) = edecL;
EDECT (i) = edecT;

%Critérios de paragem (betdo de resisténcia normal ou betdo de alta
% resisténcia)
if fcm <= 58
if - ED(i) >= 3.5;
break
end

else
if - ED(i) >= 2.8 + 27 * ((98-fcm) /100)"4;
break
end
end
end
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MAXTAL = max (TAL) ;

MAXGAMA]j = GAMA (find (TAL==max (TAL)));

MAXTAL PLOT = max(tal_plot);

MAXGAMA PLOT = gama plot (find(tal plot==max(tal plot)));
disp('Valores ultimos (méximos) sé&o:');

fprintf ('Tau u,th: %f kN.m\n',MAXTAL);

fprintf ('Gama u, th: $f rad/m\n',MAXGAMAJ) ;

fprintf ('Tau u,exp: %f kN.m\n',MAXTAL PLOT);

fprintf ('Gama u,exp: $f rad/m\n',MAXGAMA PLOT) ;

fprintf ('\n')

end
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function F = RASTM PLACA (x,edl)

SLLLLTLLTL700 0070070707707 7 0770777777 777777777777777777777717777777777777
% COMPORTAMENTO NAO-LINEAR DA PLACA (RA-STM) /
S Ny,

global m roL roLP roTP roT eR Es EpsL EpsT ElpsT ElpsL zL zT dEL dET

global e0 elLy eTy edecL edecT etotall etotalT

global fL fT fTy fpT fplL fpu fcm fpO0l fLy mLT mL mT sigmaD csi Ec sigL sigT
sigmaR

$Calculos iniciais

%$Principio da Invaridncia
eR = x(1)+x(2)-edl;

$Coeficiente de Amolecimento
R = 5.8/ (sqgrt(fcm));

if R<= 0.9

R linha = R;
else

R linha = 0.9;
end

n = ((roL*fLy)+ (roLP*fp01l) -sigL)/ ((roT*fTy)+ (roTP*fp01l) -sigT) ;

if n<=1
n_linha = n;
else
n linha = 1/n;
end

csi = R linha/ (sqrt(1+((0.4*eR)/n_linha)));
%Leil constitutiva do betdo a compresséo

if abs(edl)<csi*abs (e0)

sigmaD = -csi*fcm* (2* (edl/ (csi*e0)) - (edl/ (csi*e0))"2);
else

sigmaD = -csi*fcm* (1-((edl/ (csi*e0)-1)/((4/csi)=-1))"2);
end

$Lel constitutiva do betdo a tracéo

fcr = 0.311*sqgrt (fcm) ;
ecr = 0.08;
sigmaR = fcr* (ecr/ (eR+ecr))"0.4;

$Relacdo constitutiva do aco ordinadrio e de pré-esforco

$Armadura ordindria longitudinal
BNL = (1/roL)*(fcr/fLy)"1.5;
enlL = eLy*10"-3*(0.93-2*BNL) ;

if x(1)*107-3 <= enL

fLL = x(1)*10"-3*Es;
else

fL = fLy*((0.91-2*BNL)+((0.02+0.25*BNL) * (x (1) /eLy))) ;
end

$Armadura ordindria transversal
BNT = (1/roT)*(fcr/fTy)"1.5;
enT = eTy*10"-3*(0.93-2*BNT) ;

if x(2)*107"-3 <= enT
fT = x(2)*10"-3*Es;
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else
fT = fTy* ((0.91-2*BNT)+((0.02+0.25*BNT) * (x(2) /eTy)));
end

%$Armadura de pré-esforco
etotall = edecL+x(1)*10"-3;
etotalT = edecT+x(2)*10"-3;

$Armadura de pré-esforco longitudinal
if edeclL ~= 0
if etotall > zL
fplL = ElpsL* (etotalL-dEL)/ (1+ (ElpsL* (etotalL-dEL) /fpu) *m)* (1/m) ;
else
fplL = EpsL* (etotall);
end
else
fpL=0;
end

$Armadura de pré-esforco transversal
if edecT ~= 0
if etotalT > zT
fpT = ElpsT* (etotalT-dET)/ (1+(ElpsT* (etotalT-dET) /fpu) *m) ~ (1/m) ;
else
fpT = EpsT* (etotalT);
end
else
fpT=0;
end

%Tensdo principal de tracédo

S = mL*mT-mLT"2;

B = mL* (sigmaR+roT*fT+roTP*fpT)+mT* (sigmaR+roL*fL+roLP*fplL) ;
C = (sigmaR+roT*fT+roTP*fpT) * (sigmaR+roL*fL+roLP*fpl) ;
sigmal = (1/(2*S))* (B-sqrt (B"2-4*S*C)) ;

$Comportamento ndo linear RA-STM

o)

% Sistema de equacdes ndo-linear

F (1) = sigmaD* (x(1)-edl)/(eR-edl)-mT*sigmal+roT*fT+roTP*fpT+sigmaR* (x (2) -

edl) / (eR-edl) ;

F(2) = sigmaD* (x(2)-edl)/ (eR-edl)-mL*sigmal+roL*fL+roLP*fpL+sigmaR* (x (1) -
)

edl) / (eR-edl) ;

end
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Funcao para impressao das curvas de comportamento da placa

functio

/111777
% IMPRE

117777

o

global
global
global
global
global
global
global
% Opcgao
disp ('

n PLOT PLACA

L1177 7 7777700777777 0770707707777 77777777 7777777777777777
SSAO DAS CURVAS DE COMPORTAMENTO DA PLACA /
LT TT TP 7 7777770077007 7777777777777 770777777777 7777

a b d

gamal tall gama2 tal2 gama3 tal3 gama4 tal4 gamab tal5 gama6 tal6 gama?7
tal7 gama8 tal8 gama9

e plot sigmaD plot er plot tal er plot

tal plot gama plot tal ed plot tal smm plot

gama_smm plot ed plot e smm plot sigmaD smm plot

FPL FPT ETOTALL ETOTALT ED SIGMAD TAL GAMA EL ET FL FT ER ALFAD SIGMAR

")

disp ('PLACAS SERIE "TA" ou PLACA COM DADOS INTRODUZIDOS');

disp ('

disp ('l
disp ('2
disp ('3
disp('4
disp ('S
longitu
disp('6
transve
disp('7
longitu
disp ('8
transve
disp('9
disp ('l
disp ('

")

- Curva Tensdo de corte x Deformacdo de tracdo');

- Curva Tensdo de corte x Deformacdo de compressdo');

- Curva Tensdo de compressdo x Deformacdo de compressdo do betdo');
- Curva Tensédo de tracdo x Deformacdo de tracdo do betédo'):;
- Curva Tensédo de tracdo x Deformacdo de tracdo da armadura
dinal ordinaria');

- Curva Tensédo de tracdo x Deformacdo de tracdo da armadura
rsal ordinéaria');

- Curva Tensédo de tracdo x Deformacdo de tracdo da armadura
dinal de pré-esforco');

- Curva Tensdo de tracdo x Deformacdo de tracdo da armadura
rsal de pré-esforgo');

- Curva Tensé&o de corte x Deformacdo de corte');
0 - Angulo (alfaD) x Deformagdo de compressdo do betédo');

')

disp ('PLACAS SERIE "PP"');

disp ('

disp ('l
disp ('l
disp ('l
longitu
disp ('l
transve
disp ('l
longitu
disp ('l
disp ('

disp ('l
disp ('

disp('0
disp ('

IND = 1
%Casos

while I
swi

')

1 - Curva Tensdo de compressdo x Deformacdo de compressdo do betdo');
2 - Curva Tensdo de tracdo x Deformacdo de tracdo do betédo'):;
3 - Curva Tensédo de tracdo x Deformacdo de tracdo da armadura
dinal ordinéria');
4 - Curva Tensédo de tracdo x Deformacdo de tracdo da armadura
rsal ordinéaria');
5 - Curva Tensédo de tracdo x Deformacdo de tracdo da armadura
dinal de pré-esforco');

6 - Curva Tensdo de corte x Deformacdo de corte');

")
7 - Voltar ao inicio');

")

- Sair');

")
nput ('Escolha uma opcgdo: '");

de plotagem e impressdo das curvas

ND > 0
tch IND

% PLACAS SERIE "TA" ou PLACA COM DADOS INTRODUZIDOS

case 1
% 1 - Curva Tensdo de corte x Deformacdo de tracdo

hold on

plot (er plot, tal er plot,'-rs','LineWidth',62, 'MarkerSize',7)

plot ([0 ER*0.1], [0 TAL], '--b', 'LineWidth',2)

% Titulos
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xlabel ('\epsilon R (1/1000)");
ylabel ("\tau L T (MPa)');

legend(a, ...
b, 'Location', 'southeast');
grid on
hold off
case 2
% 2 - Curva Tensédo de corte x Deformacdo de compresséao
hold on

plot (ed plot, tal ed plot,'-rs', 'LineWidth',2,'MarkerSize',7)
plot (-[0 ED], [0 TAL],'--b','LineWidth',2)
% Titulos
xlabel ('"\epsilon D (1/1000)");
ylabel ("\tau L T (MPa)");
legend(a, ...
b, 'Location', 'southeast');
grid on
hold off

case 3
% 3 - Curva Tensdo de compressdo x Deformacdo de compressdo do
betéao
hold on
plot (-e _plot,-sigmaD plot, '-rs', 'LineWidth',2, 'MarkerSize',7)
plot (e_smm plot,sigmaD_smm plot, '-g', 'LineWidth', 2)
plot (-[0 ED],-[0 SIGMAD],'--b','LineWidth',2)
% Titulos
xlabel ('"\epsilon D (1/1000)");
ylabel ("\sigma D (MPa)");
legend(a, ...
d,...
b, 'Location', 'southeast');
grid on
hold off

case 4
% 4 - Curva Tensdo de tracdo x Deformacédo de tracdo do betdo
hold on
plot ([0 ER], [0 SIGMAR],'--b', 'LinewWidth',2)
% Titulos
xlabel ("\epsilon R (1/1000)");
ylabel ("\sigma R (MPa)'");
legend (b, 'Location', 'southeast');
grid on
hold off

case 5

% 5 - Curva Tensédo de tracdo x Deformacdo de tracdo da armadura

% longidudinal ordinéaria

hold on

plot ([0 EL], [0 FL],'--b','LineWidth',2)

% Titulos
xlabel ('\epsilon L (1/1000)");
ylabel ("f L (MPa)');
legend (b, 'Location', 'southeast');
grid on
hold off
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case 6

% 6 - Curva Tensdo de tracdo x Deformacdo de tracdo da armadura
% transversal ordinaria
hold on

plot ([0 ET], [0 FT],'--b', 'LineWidth',2)
% Titulos

xlabel ('"\epsilon T (1/1000)");
ylabel ("f T (MPa)');

legend (b, 'Location', 'southeast') ;

grid on

hold off

case 7
% 7 - Curva Tensdo de tracdo x Deformacdo de tracdo da armadura
% longidudinal de pré-esforco
hold on
plot ([ETOTALL*1000], [FPL], '--b', 'LineWidth',2)
% Titulos
xlabel ('\epsilon p L (1/1000)");
ylabel ('f p L. (MPa)');
legend (b, 'Location', "southeast') ;
grid on
hold off

- Curva Tensdo de tracdo x Deformacdo de tracd da armadura
% transversal de pré-esforco

hold on

plot ([ETOTALT*1000], [FPT], '--b', 'LineWidth',2)

% Titulos

xlabel ('"\epsilon p T (1/1000)");

ylabel ('"f p T (MPa)');

legend (b, 'Location', "southeast');

grid on

hold off

case 9
% 9 - Curva Tensdo de corte x Deformacdo de corte
hold on
plot (gama plot,tal plot,'-rs', 'LineWidth',2)
plot (gama smm plot,tal smm plot, '-g', 'LineWidth',6 2, 'MarkerSize',7)
plot ([0 GAMA], [0 TAL],'--b','LineWidth',2)

% Titulos
xlabel ('"\gamma L T (1/1000)");
ylabel ("\tau L T (MPa)"'");
legend(a, ...

d,...

b, 'Location', "southeast');
grid on
hold off

case 10
% 10 - Angulo (alfaD) x Deformacdo de compressdo do betdo
hold on
plot (-ED,-ALFAD, '--b', 'LineWidth',2, 'MarkerSize',7)
% Titulos
xlabel ('\epsilon D (1/1000)");
ylabel ("\alpha D (°)");
legend (b, 'Location', 'southeast');
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grid on
hold off

% PLACAS SERIE "PP"

betéo

case 11

% 11 - Curva Tensdo de compressdo x Deformacdo de compressao do

hold on

plot (-e plot,-sigmaD plot, '-rs', 'LineWidth',2, 'MarkerSize',7)
plot (e _smm plot,sigmaD_smm plot, '-g', 'LineWidth', 2)

plot (-[0 ED],-[0 SIGMAD],'--b','LineWidth',2)

% Titulos

xlabel ('"\epsilon D (1/1000)");
ylabel ("\sigma D (MPa)");

legend (b, 'Location', 'southeast');
grid on

hold off

case 12

% 12 - Curva Tensdo de tracdo x Deformacdo de tracdo do betéo
hold on

plot ([0 ER], [0 SIGMAR],'--b', 'LineWidth',2)

% Titulos

xlabel ('"\epsilon R (1/1000)");
ylabel ("\sigma R (MPa)");

legend (b, 'Location', 'southeast');

case 13

grid on

hold off

% 13 - Curva Tensdo de tracdo x Deformacdo de tracdo da armadura
% longidudinal ordinéaria

hold on

plot ([0 EL], [0 FL],'--b', 'LineWidth',2)
% Titulos

xlabel ('"\epsilon L (1/1000)");
ylabel ('f L (MPa)');

legend (b, 'Location', 'southeast');
grid on

hold off

case 14

% 14 - Curva Tensdo de tracdo x Deformacdo de tracdo da armadura
% transversal ordinaria
hold on

plot ([0 ET], [0 FT],'--b', 'LinewWidth',2)

% Titulos

xlabel ('"\epsilon T (1/1000)");
ylabel ("f T (MPa)');

legend (b, 'Location', 'southeast');

case 15

grid on

hold off

% 15 - Curva Tensdo de tracdo x Deformacdo de tracdo da armadura
% longidudinal de pré-esforco

hold on

plot ([ETOTALL*1000], [FPL], '--b', 'LineWidth',2)
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o)

% Titulos

xlabel ('"\epsilon p L (1/1000)");
ylabel ('f p L (MPa)');

legend (b, 'Location', 'southeast');
grid on

hold off

case 16

% 16 - Curva Tensdo de corte x Deformacdo de corte
hold on

plot (gamal, tall, "-rs', 'LineWidth', 2)
plot ([0 GAMA], [0 TAL],'--b','LineWidth',2)
plot (gama2,tal2, '-rs', 'LineWidth', 2)
plot (gama3, tal3, '-rs', 'LineWidth', 2)
plot (gama4,tal4d, '-rs', 'LineWidth', 2)
plot (gama5,tal5, '-rs', 'LineWidth', 2)
plot (gama6,tal6, '-rs', 'LineWidth', 2)
plot (gama7,tal7, '-rs', 'LineWidth', 2)
plot (gama8,tal8, '-rs', 'LineWidth', 2)
plot (gama9,tal9, '-rs', 'LineWidth', 2)
% Titulos

xlabel ('\gamma L T (1/1000)");
ylabel ("\tau L T (MPa)'");
legend(a,b, 'Location', 'southeast');

grid on
hold off
case 17
inicio;
end
disp(' "):
IND = input ('Escolha uma opcao:');
end
end
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7.+ (MPa)

Anexo IV. Previsoes teoricas do RA-STM PC v2
Placa TA-1 (Laskar et al., 2007)
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Placa TA-2 (Laskar et al., 2007)
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Placa TA-3 (Laskar et al., 2007)
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Placa TA-4 (Laskar et al., 2007)

7.+ (MPa)
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Placa TA-5 (Laskar et al., 2007)
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Placa PP2 (Marti e Meyboom, 1992)
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Placa PP3

(Marti e Meyboom, 1992)
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Anexo V. Codigo em MATLAB do RA-STM FRP
Script para iniciar o RA-STM FRP

S N N N NI
RA-STM FRP - ROTATING ANGLE SOFTENED TRUSS MODEL - REINFORCED CONCRETE /
STRENGTHENED WITH FRP /

N s

o

o

$ INICIO ////////1777777 7777777777777 77777777777777777777777777777777777777

clear all; clc;

% DADOS DE ENTRADA /////////// /1177777177777 7777777777777777777777777777777
DADOS INICIAIS; tic;

$ CALCULO DA ESTIMATIVA INICIAL (MCTM) ////////////////////////////////////
alfaDl = (lsgnonlin(@(alfaD) MCTM PLACA(alfaD),0.01,[],0))*180/pi;

& SOLUCAO ////////1//1/1 /111711117717 17717777777777777777777777777777777777
COMP_PLACA;

$ CURVAS TENSAO-DEFORMACAO ////////////////////////////////////////////////
toc; PLOT_PLACA;
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Funcao para a escolha das placas / Introducao dos dados iniciais
function DADOS INICIAIS
S/ 0770777707777 777777 77777777 77777777777777777777777777777
% SELECAO DA PLACA / INTRODUCAO DOS DADOS INICIAIS /
S/ 0777777707777 77777777777777777777777777777777777777777777
disp('Selecione os dados iniciais');
disp(' ");
disp('Placas de Betdo Armado de referéncia solicitadas com ALFA2=45°');
disp('l - REF-P3 [fcm = 53 MPa | roL = 0,0076 | roT = 0,0043 | roTf
- ZOMORODIAN et al. (2018)");
disp('2 - REF-P4 [fcm = 53 MPa | roL = 0,0076 | roT = 0,0076 | roTf = 0]
- ZOMORODIAN et al. (2018)");
disp(' ");
disp('Placas de Betdo Armado reforcadas com FRP e solicitadas com ALFA2=45°");
disp('3 - P3-025-FW [fcm = 51 MPa | roL = 0,0076 | roT = 0,0043 | roTf
0,0054] - ZOMORODIAN et al. (2018)"'");
disp('4 - P3-040-FW [fcm = 50 MPa | roLL, = 0,0076 | roT = 0,0043 | roTf =
0,0087] - ZOMORODIAN et al. (2018)")
disp('5 - P4-025-FW [fcm = 45 MPa
0,0054] - ZOMORODIAN et al. (2018)")
disp('6 - P4-040-FW [fcm = 52 MPa |
0,0087] - ZOMORODIAN et al. (2018)")
disp('7 - P4-080-FW [fcm = 54 MPa |
0,0174] - ZOMORODIAN et al. (2018)"');
disp('8 - P4-040-SB [fcm = 44 MPa | ro

)

\

)

\

)

0]

’

roL = 0,0076 | roT = 0,0076 | roTf =

ro

=
Il

0,0076 | roT = 0,0076 | roTf =

ro

=
Il

0,0076 | roT = 0,0076 | roTf =

et
Il

0,0076 | roT = 0,0076 | roTf =

’

0,0087] - ZOMORODIAN et al. (2018)"
disp('9 - P4-025-FA [fcm = 52 MPa
0,0054] - ZOMORODIAN et al. (2018)"
disp('10 - P4-040-FA [fcm = 52 MPa
0,0087] - ZOMORODIAN et al. (2018)"
disp('0 - Sair');

disp(' ');

IND = input('Escolha uma opcédo: ');

roL = 0,0076 | roT = 0,0076 | roTf =

’

roL = 0,0076 | roT = 0,0076 | roTf =

’

if IND >= 0 & IND <= 11
switch IND
case 1
REF _P3 ZOMORODIAN et al;
case 2
REF P4 ZOMORODIAN et al;
case 3
P3 025 FW _ZOMORODIAN et al;
case 4
P3 040 FW ZOMORODIAN et al;
case 5
P4 025 FW _ZOMORODIAN et al;
case 6
P4 040 FW ZOMORODIAN et al;
case 7
P4 080 FW ZOMORODIAN et al;
case 8
P4 040 SB ZOMORODIAN et al;
case 9
P4 025 FA ZOMORODIAN et al;
case 10
P4 040 FA ZOMORODIAN et al;
case 0
error ('SCRIPT INTERROMPIDO!")
clc
end
else
disp(' ");
disp ('O VALOR INTRODUZIDO NAO E VALIDO!');
disp(' ");
DADOS INICIAIS
end
end
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Exemplo de dados experimentais: Placa P4-040-SB

function P4 040 SB ZOMORODIAN et al

SIL1TTTTT777 7777707707770 7 77777077 70777777777777777777777777777777777777777
% DADOS EXPERIMENTAIS DA PLACA P4-040-SB - ZOMORODIAN et al. (2018) /
N NN

global roL roT Es fLy fTy Ec fcm e0 tal sigL sigT ely eTy fcr

global sigl mLT mL mT

global e plot sigmaD plot eR plot elL plot eT plot fL plot fT plot

global alfa plot tal plot gama plot tal Teo gama Teo sigmaR plot a b c
eRaux plot

global roLf roTf Ef fu rof ros Kw eLf plot eTf plot fLf plot fTf plot % FRP

S/I11/1I1707 0070707777777 7777777777777 777777777777 77777777777777777777777777
$ DADOS INICIAIS /
SII1/171707 0770707777777 77777 7777777777777 777777777777777777777777777777777
% Taxas de armadura

roL = 0.0076;

roT 0.0076;

ros 0.0076; % roT

% Taxas de FRP

roLf = 0;

roTf = 0.0087;

rof = 0.0087; % = roTf

o

% Propriedades mecédnicas dos agos

Es = 190000; $Médulo de elasticidade do aco (MPa)

fLy = 462; %$Tensdo de cedéncia da armadura longitudinal (MPa)
fTy = 462; $Tensdo de cedéncia da armadura transversal (MPa)

% Propriedades mecénicas do FRP

Ef = 72400; $Médulo de elasticidade na direcdo das fibras (MPa)

fu = 876; %$Tensdo de rotura na direcdo das fibras (MPa)

Kw = 1.6; %$Influéncia do tipo de amarracdo (SB - Side Bond)

o

% Propriedades mecénicas do betdo:

fcm = 44; %$Resisténcia média do betdo (MPa)

fcr = 0.311 * sqgrt(fcm); %Resisténcia média a tracdo do betdo (MPa)
Ec = 3875*sqgrt (fcm); $Mdédulo de elast. do betdo - Belarbi e Hsu (1994)
e0 = -2.0; $Extensdo ultima do betdo (1/1000)

o

% Solicitacdes no elemento de betdo armado (L-T):

tal = 2; %$Tensdo tangencial (MPa)
siglL = 0; %Tensdo de tracdo longitudinal (MPa)
sigT = 0; %$Tensdo de compressdo transversal (Mpa)

N YNV,
$ CALCULOS PRELIMINARES /

LITTTLT 0070000077077 0777077777 7777777777777 7707777777777 77777777777777777

oe

eLy = fLy/Es*1000;

eTy = fTy/Es*1000;

sigl = (sigL + sigT)/2 + sqrt(((sigL - sigT)/2)"2 + tal”2);
mLT = tal/sigl;

mL = sigL/sigl;

mT = sigT/sigl;

N
% DADOS CURVAS EXPERIMENTAIS E TEORICAS /

LITTTTT P07 0070077077077 77777777777777777 770777707 7777777777777777777777

oe

e plot
sigmaD plot
sigmaR plot
eR plot

[eoNeNeoNe]
Ne Ne Ne N
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eRaux plot 0;
el plot = 0;
eT plot = 0;
fL plot = 0;
fT plot = 0;
alfa plot = 0;
tal plot = [0; 0.398; 0.867; 1.343; 1.693; 1.76; 2.043; 2.203; 2.482;
2.722; 3.068;

3.094; 3.323; 3.385; 3.64; 3.618; 3.737; 3.949; 4.098; 4.168; 4.23; 4.347;
4.327;

4.381; 4.228; 3.912; 3.615]; % Exp
gama_plot = [0; O0; 0.041; 0.074; 0.095; 0.699; 1.084; 1.2; 1.429; 2.33;
3.291;

3.567; 4.205; 4.448; 5.261; 5.596; 6.277; 6.799; 7.281; 7.867; 8.178;
8.753; 9.468;

10.005; 10.419; 10.692; 11.012]; % Exp
tal Teo = [0; 2.117; 1.799; 2.339; 2.865; 3.548; 3.866; 4.164; 4.349;
4.498; 4.653;

4.805; 4.883; 4.932; 4.971; 5.003; 5.003; 5; 4.975; 4.951;
4.92]; % SMM-FRP
gama_Teo = [0; 0.152; 1.378; 2.233; 2.999; 4.002; 4.5; 5.644; 7.42; 8.902;
10.46;
11.978; 12.876; 13.436; 13.963; 14.294; 14.732; 15.832; 17.162;

18.546; 20]; % SMM-FRP
eLf plot = 0;
eTf plot = 0;
fLf plot = 0;
fTf plot = 0;
%Legenda
a = 'P4-040-SB Exp.';
b = '"Eff. RA-STM FRP';
c = '"SMM-FRP (Zomoradian et al.,2018)"';
end
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Funcgdo para o calculo das estimativas iniciais (MCTM)
function F = MCTM PLACA (alfaD)

S/I11/177707 77707077777 7777 77777777777 77777777777777777777777777777777777777777
% COMPORTAMENTO LINEAR DDA PLACA (MCTM) - ESTIMATIVAS INICIAIS PARA O RA-STM /
S/I11/1T7007 7707077777777 77777077777 777 7777777777777 7777777777777777777777777
global roL roT Es Ec eL eT eD sigl mLT mL mT

% Equacdes de equilibrio (Egs. 2.53-2.55):
elL=(mL+mLT*cot (alfaD))/ (Es*roL) *0.001*sigl ;
eT=(mT+mLT*tan (alfaD))/ (Es*roT) *0.001*sigl;

eD=-mLT/ (Ec*sin (alfaD) *cos (alfaD)) *0.001*sigl;

% Eg. ndo linear (Eg. 2.5):
F = (elL-eD)/ (eT-eD)-(tan(alfaD))"2;

end
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Funcao do RA-STM

function COMP_PLACA

SIL11TTT7777 7777707707770 7777777777077 7777777777777 777777777777777777777777
% COMPORTAMENTO CARGA-DEFORMCAO DA PLACA (RASTM PAINEL) /
SILLLLTTTIP 7777707777707 7 7777777777777 0007777777777 777777777777777

global el eT eD sigmaD eR fL fT fcm sigmaR

global ED SIGMAD TAL GAMA EL ET FL FT ALFAD ER tal plot gama plot SIGMAR
global FTF FLF ETF ELF eTf eLf fTf fLf Ef fu % FRP -

% Estimativa inicial com base no MCTM:

x (1) = eL*1000;

x(2) eT*1000;

edl = eD*1000;

eLf = x(1);

eTf = x(2);

% Numero méximo de pontos e tamanho do passo:

pontos = 1000;

passo = 4/pontos;

% Calculo comportamento tensdo-deformcéo:
for i = 1l:pontos

options = optimset ('TolX',107-10, ' 'TolFun',107-10);
x = lsgnonlin (@ (x) RASTM PLACA (x,edl-passo*i),x,[0,0],[],options);

o)

% Criar vetores de comportamento:

ED (1) = edl - passo*i;

SIGMAD (i)= sigmaD;

SIGMAR (i)= sigmaR;

Cos = (x(2)-ED(1))/ (eR-ED(1)) ;

SIN = (x(1)-ED(1))/ (eR-ED(1)) ;

TAL (1) = (-SIGMAD(1i)+SIGMAR(1i))*sqgrt (COS*SIN) ;
GAMA (1) = 2*(eR-ED(1i)) *sqrt (COS*SIN) ;
EL (1) = x(1);

ET (1) = x(2);

FL (1) = fL;

FT (1) = fT;

ALFAD (i) = -atan(sqrt(SIN/COS))*180/pi;
ER(1i) = EL(i) + ET(1i) - ED(1);

% Relativo ao FRP

FTF (1) = fTf;

FLF (1) = fLf;

ETF (1) = eTf;

ELF (i) = eLf;

oe

Critérios de paragem (betdo normal e de alta resisténcia)
(Egs. 2.19 e 2.20..):

oe

if fcm <= 58
if - ED(i) >= 3.5;
break
end
else
if - ED(i) >= 2.8 + 27 * ((98-fcm)/100)"4;
break
end
end

end
MAXTAL = max (TAL) ;
MAXGAMA]j = GAMA (find (TAL==max (TAL))) ;

MAXTAL PLOT = max(tal plot);
MAXGAMA PLOT = gama plot (find(tal plot==max(tal plot))):;
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disp('Valores ultimos (maximos) sé&o:');
fprintf ('Tau u,th: %f kN.m\n',MAXTAL);

fprintf ('Gama u,th: $f rad/m\n',MAXGAMAJ) ;
fprintf ('Tau u,exp: %f kN.m\n',MAXTAL PLOT);
fprintf ('Gama u,exp: %f rad/m\n',MAXGAMA PLOT) ;
fprintf ('\n")

end
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function F = RASTM PLACA (x,edl)

S/I/LTTLLT7 0070777777777 077770770777 777777777777777777777777777777777777777
% COMPORTAMENTO NAO-LINEAR DA PLACA (RA-STM) /

SIL11TTTT777 7777707707770 7 7707770770777 777777777777 777777777777777777777777

global roL roT Es fcm fLy fTy e0 mLT mL mT sigmaD csi eR fL fT ely eTy sigmaR
global Ec sigl sigT fcr

global roLe roTe rof ros fu roLf roTf csi FRP f FRP Ef eTf fTf eLf fLf Kw %
FRP

& CALCULOS INICIAIS ////////////////////////////]1]7/)7//1)777777171777711/

% Principio da Invariadncia (Eg. 2.8):
eR = x(1) + x(2) - edl;

% Coeficiente de Amolecimento (Egs. 2.15-2.18):
R = 5.8/ (sqrt(fcm));
if R <= 0.9

R linha = R;
else

R linha
end

0.9;

n = (roT*fTy+roTf*fu-sigT) / (roL*fLy+roLf*fu-sigl) ;
if n <=1
n_linha = n;
else
n linha = 1/n;
end

csi = R linha/ (sqrt(1+((0.4%*eR)/n_linha)));
f FRP = 1+0.0076*sqrt (rof*Ef) ;
csi FRP = csi*f FRP;
% Relacdo constitutiva do bet&o a compressédo (Eq. 2.12):
if edl > csi FRP*e0
sigmaD = -csi FRP*fcm* (2* (edl/ (csi FRP*e0)) - (edl/ (csi FRP*e0))"2);
else
sigmaD = -csi FRP*fcm* (1-((edl/ (csi FRP*e0)-1)/((4/csi FRP)-1))"2);
end

% Relacdo constitutiva do aco (Egs. 2.23-2.26):
% Armadura Longitudinal

role = rolL + (Ef/Es) *rof;

BL = (l1/roLe)*(fcr/fLy)"1.5;

enl = eLy*107-3*(0.93-2*BL) ;

if x(1)*107-3 <= enL
fLL = x(1)*10"-3*Es;
else
fL = fLy*((0.91-2*BL)+(0.02+0.25*BL) * (x (1) /eLy) ) ;
end
% Armadura Transversal
roTe = roT + (Ef/Es) *rof;
BT (1/roTe) * (fcr/fTy) "1.5;
enT = eTy*107-3*(0.93-2*BT) ;

if x(2)*107-3 <= enT

fT = x(2)*10"-3*Es;
else

fT = fTy*((0.91-2*BT)+(0.02+0.25*BT) * (x(2) /eTy) ) ;
end

o)

% Relacdo constitutiva do betdo a tracéo
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ecr = 0.08;

if rof ~= 0
Kfs = 0.25* ((rof*Ef) / (ros*Es))+0.15;
c FRP = Kw*Kfs;

else

c FRP = 0.4;
end
sigmaR = fcr*(ecr/(eR+ecr))Ac_FRP; % Correcédo alternativa para atenuar os
problemas de convergéncia iniciais
% Relacdo constitutiva do FRP
eLf = x(1);
eTf = x(2);
% FRP longitudinal
if roLf ~= 0

if eLf < 1000*fu/Ef

fLf = eLf*10"-3*Ef;

else
fLf = 0;
end
else
fLf = 0;
end

o

% FRP transversal

if roTf ~= 0

if eTf < 1000*fu/Ef
fTf = eTf*10"-3*Ef;

else
fTf = 0;
end
else
fTf = 0;
end

% Tensdo principal de traccdo (Egs. 2.40-2.43):

A = mnL*mT - mLT"2;

B = mL*(sigmaR + roT*fT + roTf*fTf) + mT*(sigmaR + roL*fL + roLf*fLf);
C

S

(sigmaR + roT*fT + roTf*fTf) *(sigmaR + roL*fL + roLf*fLf);
igmal = (1/(2*A))* (B-sqrt (B"2-4*A*C)) ;

$COMPORTAMENTO NAO LINEAR RA-STM //////////////////////////////////////////

% Sistema de equacdes ndo-linear (Eg. 2.57):

F (1) = sigmaD* (x(1)-edl)/ (eR-edl)-mT*sigmal+roT*fT + roTf*fTf + sigmaR* (x(2) -

edl) / (eR-edl);

F(2) = sigmaD* (x(2)-edl)/ (eR-edl)-mL*sigmal+roL*fL + roLf*fLf + sigmaR* (x(1)-
)

edl) / (eR-edl) ;

end
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Funcao para impressao das curvas de comportamento da placa
function PLOT PLACA

S/ILLLTLLTT7 0070770777077 077070770777 777777777777777777777777717777777777777
% IMPRESSAO DAS CURVAS DE COMPORTAMENTO TENSAO-DEFORMACAO DA PLACA /
S/ILLLTLT77 707777770770 777707707777777777777777777777777777177777771777777

global ED SIGMAD TAL GAMA EL ET FL FT ER SIGMAR

global e plot sigmaD plot eR plot elL plot eT plot fL plot fT plot
global tal plot gama plot tal Teo gama Teo sigmaR plot a b c eRaux plot
global ELF ETF FLF FTF eLf plot eTf plot fLf plot fTf plot

% DADOS INICIAIS ////////////7/777777/77777777777777777777777777777777777777

% Opcgao:

disp('l - Curva tensdo-deformagdo de compressédo do betdo');
disp('2 - Curva tensdo-deformagdo de tracdo do betdo');

disp ('3 - Curva tensdo-deformacdo da armadura longitudinal');
disp('4 - Curva tensdo-deformagdo da armadura transversal');
disp('5 - Curva tensdo-deformagdo do FRP longitudinal');
disp('6 - Curva tensdo-deformagdo do FRP transversal');
disp('7 - Curva tensdo-deformacdo de corte da placa');

disp(' ')

disp ('8 - Voltar ao inicio');
disp('0 - Sair');

disp(' ");

IND = input('Escolha uma opcgédo: ');

% IMPRESSAO DAS CURVAS ///////////////////////////////////////////////////]

while IND > 0
switch IND

case 1
% 1 - Curva tensdo-deformacdo de compressdo do betdo
hold on
plot (e _plot,sigmaD plot, '-rs', 'LineWidth',2, 'MarkerSize',7)
plot (-[0 ED],-[0 SIGMAD],'--b','LineWidth',2)%1.5)
% Titulos
xlabel('\epsilon_D (1/1000) ") ;
ylabel ("\sigma D (MPa)'");

legend(a, ...
b, 'Location', "'southeast');
grid on
hold off
case 2
% 2 - Curva tensdo-deformacdo de tracdo do betdo
hold on

plot (eRaux plot,sigmaR plot, '-rs', 'LineWidth',2, 'MarkerSize',7)

plot ([0 ER], [0 SIGMAR],'--b', 'LineWidth',2)%1.5)
% Titulos

xlabel ('"\epsilon R (1/1000)");
ylabel ("\sigma R (MPa)");

legend(a, ...
b, 'Location', "southeast');
grid on
hold off
case 3
% 3 - Curva tensdo-deformacdo da armadura longitudinal
hold on

plot (el plot, fL plot,'--rs', 'LineWidth',2, 'MarkerSize',7)
plot ([0 EL], [0 FL],'-g', 'LineWidth',2)

% Titulos
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xlabel ('\epsilon L(1/1000)");
ylabel ('£f L (MPa)'");

legend(a, ...
b, 'Location', 'southeast');
grid on
hold off
case 4
% 4 - Curva tensdo-deformacdo da armadura transversal
hold on

plot (eT plot,fT plot,'--rs','LineWidth',2, 'MarkerSize',7)
plot ([0 ET], [0 FT],'-g', 'LineWidth',2)
% Titulos
xlabel ('"\epsilon T (1/1000)");
ylabel ('f T (MPa)');
legend(a, ...
b, 'Location', 'southeast');
grid on
hold off

case 5
% 5 - Curva tensdo-deformagédo do FRP longitudinal
hold on
plot (eLf plot, fLf plot,'--rs', 'LineWidth',2, 'MarkerSize',7)
plot ([0 ELF], [0 FLF],'-g', 'LineWidth',2)
% Titulos

xlabel ('"\epsilon L £ (1/1000)");

ylabel ('f L £ (MPa)');

legend(a, ...
b, 'Location', 'southeast');

grid on

hold off

case 6
% 6 - Curva tensdo-deformacdo do FRP transversal
hold on
plot (eTf plot, fTf plot,'--rs', 'LineWidth',2, 'MarkerSize',7)
plot ([0 ETF], [0 FTF], '-g', 'LineWidth',2)
% Titulos

xlabel ('"\epsilon T £ (1/1000)");

ylabel ('f T £ (MPa)');

legend(a, ...
b, 'Location', "southeast');

grid on

hold off

case 7
% 7 - Curva tensdo-deformacdo de corte da placa
hold on
plot (gama plot,tal plot, '-rs', 'LineWidth',2, 'MarkerSize',7)
plot ([0 GAMA], [0 TAL], '--b','LineWidth',2)
plot (gama Teo, tal Teo, '-k','LineWidth',1)

% Titulos
xlabel ('\gamma L T (1/1000)");
ylabel ("\tau L T (MPa)");
legend(a, ...

b,...

c, 'Location', '"southeast');
grid on
hold off
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case 8

if IND ==
inicio;
break
end
end
disp(' ");

IND = input('Escolha uma opcao:

end
end
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o, (MPa)

f, (MPa)

f., (MPa)

Anexo VI. Previsoes teoricas do RA-STM FRP
Placa REF-P3 (Zomorodian et al., 2018)
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Placa P3-025-FW (Zomorodian et al., 2018)
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Placa P3-040-FW (Zomorodian et al., 2018)
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Placa P4-025-FW (Zomorodian et al., 2018)
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Placa P4-080-FW (Zomorodian et al., 2018)
2.5

14
121 N e o R
i A
] M=
10 1 s
I
I
@ 8R!
o 1
= '
cD 6!
[
1
4 L
1
1
2 i
A —8— P4-080-FW Exp.
i — = = Eff. RA-STM FRP
G': 1 1 1 1 1 1 1 ]
05 1 15 2 25 3 35 4
e, (1/1000)
Curva 5 ¢,
500
450
400 [
350 [
. aoof
m
o
= 201
h—J
200 |
150 |
100 |
sa L = B = P4-080-FW Exp.
Eff. RA-STM FRP
D:i 1 1 1 1 1 1 ]
1 2 3 4 5 6 7
¢, (1/1000)
Curva r _
250
200
vy ABOE
(1]
o
=
=
“ 100f
50 -
= B = P4-080-FW Exp.
Eff. RA-STM FRP
D 1 1 ] ] 1 1 ]
0 05 1 15 2 25 3 35
e, (1/1000)
Curva fiy— &y

15

7q (MPa)

0.5

-
b e |

- -
-
-
——

48— P4-080-FW Exp.
= = = Eff. RA-STM FRP

=]
oR

500

450

400

350

300

250

f (MPa)

200

150

100

4 6

8 10 12
¢ (1/1000)

Curva 5 _ .,

= B8 = P4-0B0-FW Exp.
Eff. RA-STM FRP

7.+ (MPa)

-

15 2 25 3 35
. (1/1000)

Curva p _ .

=—8— P4-080-FW Exp.
= = = Eff. RA-5TM FRP

SMM-FRP (Zomoradian et al. 2018)

188

10 15 20 25 30
7.7 (1/1000)

Curva =i



Placa P4-040-SB (Zomorodian et al., 2018)
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Placa P4-025-FA (Zomorodian et al., 2018)
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Placa P4-040-FA (Zomorodian et al., 2018)
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Anexo VII. Cédigo em MATLAB do RA-STM PSFC
Script para iniciar o RA-STM PSFC

SI11/177707 7707077077777 7777 77777777777 77777777777777777777777777777777777777777
/111777777

% RA-STM PEFSC - ROTATING ANGLE SOFTENED TRUSS MODEL - PRESTRESSED STEEL FIBER
CONCRETE /

SII1/1T7707 7070707777777 77777077777 777 7777777777777 7777777777777777777777777
/117177777

% Inicio

clear all; clc;

% Dados de entrada e escolha da placa
DADOS INICIAIS; tic;

% Calculo das estimativas iniciais (MCTM)
alfaDl = (lsgnonlin(@(alfaD) MCTM PLACA (alfaD),0.01,[],0))*180/pi;

% Vetores finais e solucéao
COMP_PLACA;

o)

% Plotagem
toc; PLOT_PLACA;
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Funcao para a escolha das placas
function DADOS INICIAIS

SIL1ITTTT777 7777707707770 7 7777777770777 777777777777777777777777777777777777
% SELECAO DA PLACA /
SILLLLTTTIP 7777707777707 7 7777777777777 0007777777777 777777777777777

disp('Selecione os dados iniciais');
disp(' ");

disp('l - TAF-1 - Hoffman N.S (2010) ") ;
disp('2 - TAF-2 - Hoffman N.S (2010) ") ;
disp('3 - TAF-3 - Hoffman N.S (2010) ") ;
disp('4 - TAF-4 - Hoffman N.S (2010) ") ;
disp('5 - TAF-5 - Hoffman N.S (2010) ") ;
disp(' ");

disp('0 - Sair');

disp(' ");

INDD = input ('Escolha uma opcao: '");

if INDD >= 0 & INDD <= 5
switch INDD

case 1
TAF 1 HOFFMAN;
case 2
TAF 2 HOFFMAN;
case 3
TAF 3 HOFFMAN;
case 4
TAF 4 HOFFMAN;
case 5
TAF 5 HOFFMAN;
case 0
error ('SCRIPT INTERROMPIDO')
clc
end
else
disp(' ");
disp ('O VALOR INTRODUZIDO NAO E VALIDO!');
disp(' ");
DADOS INICIAIS
end
end
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Exemplo de dados experimentais: Placa TAF-4

function TAF 4 HOFFMAN
$//11111100171T7107777707710770770717777177177777777107107177771171171771171
% DADOS EXPERIMENTAIS DA PLACA TAF-4 - Hoffman (2010) /
$//111111071007710777710710770770717777177107707117107107177771171171771171

global roL roT Es fLy fTy Ec fcm e0 tal sigL sigT elLy eTy fpOl

global sigl mLT mL mT

global eD plot sigmaD plot gama smm plot tal smm plot fpulinha

global a b Ac m d tal plot gama plot

global roLP roTP ElpsL ElpsT EpsL EpsT edecL edecT fpu fpil fpiT zL zT ApsT
ApsL dET dEL yL yT

global AsL AsT Aps ePil ePiT eLil eLiT e smm plot sigmaD smm plot

global aspect ratio f v _f FF CF

%$Propriedades da seccdo de betédo
Ac = 17.8*197.71; %Area bruta da seccdo de betdo (cm”2)

%$Propriedades mecdnicas dos acos ordinarios:

Es = 197000; %Médulo de elasticidade do aco (MPa)

fly = 413.8; %Tensdo de cedéncia corrigida do aco longitudinal (MPa)

fTy = 413.8; %Tensdo de cedéncia corrigida do aco transversal (MPa)

AsL= 2.79; %Area minima de aco ordindrio longitudinal (cm”2) (ndo pode ser
zero!)

AsT= 14.93; %Area de aco ordindrio transversal (cm"2)

rolL = AsL/Ac; %Taxa Mec. de armadura ordindria Longitudinal.
roT = AsT/Ac; %Taxa Mec. de armadura ordindria Transversal.

$Propiedades mecénicas dos acos de pré-esforco:

ElpsL = 209000; %Moédulo de elasticidade de Ramberg-Osgood P.E-Longitudinal
(MPa)

ElpsT = 209000; %Médulo de elasticidade de Ramberg-Osgood P.E-Transversal
(MPa)

EpsL 200000; %Moédulo de elasticidade da armadura de P.E-Longitudinal (MPa)
EpsT = 200000; %Médulo de elasticidade da armadura de P.E-Transversal (MPa)
fpu= 1862; %$Tensdo uGltima da armadura de P.E. (MPa)

fpulinha = 1862;

fp0l = 1670; %Tensédo de propocionalidade (MPa)

m =5;

ApsL=20.76; SArea de aco de pré-esforgo longitudinal (cm”2)

ApsT=0; SArea de aco de pré-esforgo transversal (cm”"2)

fpil=983; %Tensdo inicial de pré-eforco nos corddes longitudinais de pré-
esforco (MPa)

fpiT=0; %Tensdo inicial de pré-eforgo nos corddes longitudinais de pré-
esforco (MPa)

o

% Propriedades mecanicas do betédo:

fcm = 56.4; %Resiténcia média a compressdo do betdo (MPa)

Ec = 3875*sqgrt (fcm); $Mdédulo de Elasticidade - Belarbi e Hsu (1994) (MPa)
e0 = -1.9; %Extensdo do betdo para o pico de tensdo (1/1000)

% Propriedades das fibras de aco:

aspect ratio f = 80; % Esbelteza da fibra
v_f =1.0; %Volume de fibras (em %)

FF = aspect_ratio f*v f/100; %Fator de fibra

1; % betdo confinado por dois planos de armaduras de pré-esforco

Q

= 0.5; % betdo ndo confinado (um sé plano de armaduras de pré-esforco)

de
3]

Q

ol

$CALCULOS PRELIMINARES RELATIVOS AO PRE—ESFORCO
Aps=ApsT+ApsL; %Area total de armadura de P.E.

rolP = ApsL/Ac; %Taxa Mec. de armadura de P.E-longitudinal
roTP = ApsT/Ac; %Taxa Mec. de armadura de P.E-transversal.
ePil= fpiL/EpsL; %Extensdo inicial no aco de P.E-longitudinal
ePiT= fpiT/EpsT; %Extensdo inicial no aco de P.E-transversal.
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eLil= ApsL*fpil/ (AsL* (Es-Ec)+Ec* (Ac-ApsL)); %$Extensdo no aco ordinario

longitudinal

eLiT= ApsT*fpiT/ (AsT* (Es-Ec)+Ec* (Ac-ApsT)); %$Extensdo no aco ordinario

transversal

edecT = ePiT+eliT; S%Extensdo de descompressdo transversal
edeclL = ePilL+elil; $Extens&o de descompressdo longitudinal

%$Solicitacgdes no elemento

tal = 1;%-3.69; %Tenséo
sigL = O0; %Tensao de
sigT = O; %Tensao de

$CALCULOS PRELIMINARES
ely = fLy/Es*1000;
eTy = fTy/Es*1000;

sigl =

mL = sigL/sigl;
mT = sigT/sigl;
mLT = tal/sigl;

de betdo armado (L-T):

de corte (MPa)

tracdo longitudinal (MPa)
compressao transversal (MPa)

(sigL + sigT)/2 + sqgrt(((sigL - sigT)/2)"2 + tal”2);

$CORRECAO DA CURVA PARA ESTA PLACA

%$Resolucdo do valor de extensdo (Y) para a equacgdo nao-linear:

$Andlise Longitudinal
$Definir yL como variavel
syms yL

%3Equacdo a resolver
y=-0.7*fpulinha+ElpsL* (yL)
yL=solve (y,yL);

simbdlica

/(14 (ElpsL* (yL) /fpu) "m) ~ (1/m) ;

$Retornar o valor em numero:

yL=double (yL) ;

$Anadlise Transversal;
$Definir yT como varidvel
syms yT

%$Equacdo a resolver
y=-0.7*fpulinha+ElpsT* (yT)
yT=solve (y,vyT);

simbdlica

/ (1+ (ElpsT* (yT) /fpu) "m) "~ (1/m) ;

$Retornar o valor em numero:

yT=double (yT) ;

%Resolugdo do valor de extensdo (Z) para a equagdo linear:

$Andlise Longitudinal
zL=0.7*fpulinha/EpsL;
%$Andlise Transversal
zT=0.7*fpulinha/EpsT;
%Calculo do delta E
$Analise longitudinal
dEL= zL-yL;

%$Andlise transversal
dET= zT-yT;

$DADOS PLOTAGEM DO TAF-4

% Curvas médias tensdo tensdo normal (MPa) - extensdo do betdo a compressao
% (1/1000)

% Experimental

eD plot = 0;

sigmaD plot = 0;

% Tebrico SMM-PSFC
e smm plot = 0;
sigmaD smm plot = 0;

% Curvas médias tensdo de

% Experimental

tal plot = [0.000;3.964;4.
5.581;5.426;5.
5.292;5.150;5.
4.832;4.849;4.

corte (MPa) - distorcdo (1/1000)

344;4.685;4.947;4.999;5.011;5.099;5.166;5.400;5.581;
414;5.327;5.345;5.330;5.216;5.207;5.281;5.255;5.303;
277;5.163;5.090;4.996;4.863;4.923;4.876;4.771;4.849;
754;4.814;4.841;4.724];
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gama plot =
[0;0.368;0.502;0.618;0.81;1.033;1.333;1.391;1.646;1.928;2.479;2.849;

3.007;3.295;3.454;3.688;3.864;4.097;4.438;4.576;4.752;4.927;5.363;

5.815;6.059;6.262;6.526;6.98;7.349;7.772;8.509;9.246;9.929;10.493;
11.025;11.361;11.654;12.239;12.521];

% Tedbrico SMM-PSFEC

tal smm plot = [0.000;3.084;3.811;4.381;4.607;4.936;5.002;5.092;5.099;5.236;
5.332;5.424;5.442;5.481;5.455;5.443;5.499;5.557;5.632;5.859;
5.889;5.962;6.021;6.126;6.158;6.193;6.223;6.243;6.279;6.285;
6.265;6.217];

gama_smm plot = [0;0.187;0.25;0.311;0.498;0.693;0.834;1.172;1.348;1.79;2.214;
2.852;3.516;4.215;4.862;9.014;9.911;10.724;12.031;13.278;

13.559;14.979;16.374;18.116;19.149;20.165;21.05;21.824;22.509;
23.294;23.961;24.363];

a = '"TAF-4 Exp.';

b 'Eff. RA-STM';

d 'SMM-PSFC (Hoffman, 2010)"';
end
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Funcdo para o cadlculo das estimativas iniciais (MCTM)

function F=MCTM PLACA (alfaD)
S//111111077007177717710717710770771777017171071771171077771777171771771171171
% COMPORTAMENTO LINEAR DA PLACA (MTCM) - ESTIMATIVA INICIAL PARA O RA-STM/
S//1111710770070777177707177107707777771771077771771777071777171771771171171

global roL roT Es Ec eL eT eD sigl mLT mL mT roLP roTP fpil fpiT

el = (mL+mLT*cot (alfaD))/ (Es*roL)*0.001*sigl-((roLP*fpiL/ (Es*roL))*0.001);
eT = (mT+mLT*tan (alfaD))/ (Es*roT)*0.001*sigl-((roTP*fpiT/ (Es*roT))*0.001);
eD = -mLT/ (Ec*sin(alfaD) *cos (alfaD))*0.001*sigl;

$Equacdo ndo-linear de estimativa inicial MCTM
F = (elL-eD)/ (eT-eD)-(tan(alfaD))"2;

end
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Funcao do RA-STM

function COMP_PLACA

SIL1TTTTT777 7777007707770 7 77777077 70777777777777777777777777777777777777777
% COMPORTAMENTO CARGA-DEFORMCAO DA PLACA (RASTM PLACA) /
N NN

global roL roT eR eL eT EL ET fL £fT FL FT fcm fpT fpL FPT FPL

global ED SIGMAD TAL GAMA ALFAD ER ROLFL ROTFT ETOTALL ETOTALT EDECL EDECT
SIGMAR -

global eD sigmaD edecL edecT etotall etotalT tal plot gama plot sigmaR

$Estimativa inicial com base no MCTM

x (1) eL*1000;
x(2) = eT*1000;
edl = eD*1000;
etotall = edecL+x(1);
etotalT = edecT+x(2);

$NUumero méaximo de pontos e tamanho do passo

pontos = 1000;
passo = 4/pontos;

$Calculo comportamento carga-deformagado
for i = 1l:pontos

options = optimset ('TolX',107-10, 'TolFun',107-10);
x = lsgnonlin(@(x) RASTM PLACA (x,edl-passo*i),x,[0,0],[],options);

$Criar vetores de comportamento:
ED (1) = edl - passo*i;
SIGMAD (i)= sigmaD;
SIGMAR (i)= sigmaR;

CcOs = (x(2)-ED(1))/ (eR-ED(1)) ;

SIN = (x(1)-ED(1))/ (eR-ED(1)) ;

TAL (1) = (-SIGMAD(i)+SIGMAR(i))*sqgrt (COS*SIN) ;
GAMA (1) = 2*(eR-ED(1i)) *sgrt (COS*SIN) ;

EL (1) = x(1);%*10"-3;

ET (1) = x(2);%*10"-3;

FL (1) = fL;

FT (1) = fT;

ALFAD (1) = -atan(sqrt(SIN/COS))*180/pi;

ER (1) = EL(1)+ET(i)-ED (1)
ROLFL_ROTFT (i) = FL(i)*roL+FT (i) *roT;

$Relativamente ao pré-esforcgo

FPT (1) = fpT;

FPL (1) = fpL;
ETOTALL (i) = etotall;
ETOTALT (i) = etotalT;
EDECL (i) = edecL;
EDECT (i) = edecT;

%Critérios de paragem (betdo de resisténcia normal ou betdo de alta
% resisténcia)
if fcm <= 58
if - ED(i) >= 3.5;
break
end

else
if - ED(i) >= 2.8 + 27 * ((98-fcm)/100)"4;
break
end
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end
end

MAXTAL = max (TAL) ;

MAXGAMA]j = GAMA (find (TAL==max (TAL)));

MAXTAL PLOT = max(tal_plot);

MAXGAMA PLOT = gama plot (find(tal plot==max(tal plot)));
disp('Valores Gltimos (maximos) s&o:');

fprintf ('Tau u,th: %f kN.m\n', MAXTAL);

fprintf ('Gama u, th: %f rad/m\n',MAXGAMAJ) ;

fprintf ('Tau u,exp: %f kN.m\n',6MAXTAL PLOT);

fprintf ('Gama u,exp: $f rad/m\n',MAXGAMA PLOT) ;
fprintf('\n")

end
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function F = RASTM PLACA (x,edl)

SIL1TTTTT17 7777777707770 7 77777077707 77777777777777777777777777777777777777
% COMPORTAMENTO NAO-LINEAR DA PLACA (RA-STM) /
SIL1TTTTT777 7777777077707 7 77770777077 7777777777777777777777777777777777777

global m roL roLP roTP roT eR Es EpsL EpsT ElpsT ElpsL zL zT dEL dET ePiL
global e0 elLy eTy edecL edecT etotall etotalT

global fL fT fTy fpT fplL fpu fcm fpO0l fLy mLT mL mT sigmaD csi Ec sigL sigT
sigmaR

global FF CF

$Calculos iniciais

%$Principio da Invaridncia
eR = x(1)+x(2)-edl;

$Coeficiente de Amolecimento
R = 5.8/ (sqgrt(fcm));

if R<= 0.9

R linha = R;
else

R linha = 0.9;
end

n = ((roL*fLy)+ (roLP*fp01l) -sigL)/ ((roT*fTy)+ (roTP*fp01l) -sigT) ;

if n<=1
n_linha = n;

else
n linha = 1/n;
end
W f=1+ 0.2*FF; % Influéncia das fibras
csi £ = W f*R linha/ (sqrt(1+((0.4*eR)/n linha)));

if csi f <=10.9
csi = csi f;
else
csi = 0.9;
end

%Leil constitutiva do betdo a compressdo com csi corrigido por causa das
$fibras
if abs(edl)<csi*abs (e0)
sigmaD = -csi*fcm* (2* (edl/ (csi*e0)) - (edl/ (csi*e0))"2);
else
sigmaD = -csi*fcm* (1-((edl/ (csi*e0)-1)/((4/csi)-1))"2);
end

% Nova Lei constitutiva do betdo com fibras a tracédo
ecy = 0.05; % (1/1000)
ePi = ePil; % SO existe pré-esforco longitudinal (-)

ecpk = (0.01 - ePi)*1000; % (1/1000)

emax = (0.04 - ePi)*1000; % (1/1000)

fcy = 0.4*FF*CF* (fcm)~0.5; % (MPa)

fcpk = (0.2*FF + 12*roLP) * (fcm)”~0.5; % (MPa)

Ec Tl = fcy/(ecy/1000); % (MPa)

Ec T2 = (fcpk - fcy)/((ecpk - ecy)/1000); % (MPa)
Ec T3 = -fcpk/((emax - ecpk)/1000); % (MPa)

if eR <= ecy

sigmaR = Ec_ T1*eR/1000;
elseif eR > ecy & eR <= ecpk

sigmaR = fcy + Ec T2* (eR-ecy)/1000;
else
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sigmaR = fcpk + Ec_T3* (eR-ecpk)/1000;
end

if sigmaR >= 0
sigmaR = sigmaR;
else
sigmaR
end

I
o
~

%$Relacdo constitutiva do aco ordinadrio e de pré-esforco
% corrigida para ter em conta as fibras

$Tensdo média de rotura e correspondente extensdo do betdo a tracéo

fcr = 0.311*sqgrt (fcm);
ecr = 0.08;

$Armadura ordindria longitudinal

BNL = (1/rolL)* (fcr/fLy)"1.5;
enl = eLy*107-3*(0.93-2*BNL) ;

if x(1)*107-3 <= enL
fLL = x(1)*10"-3*Es;
else
fIL, = fLy*((1-0.096*FF) *(0.91-
2*BNL) + ( (0.2*FF+1) *(0.02+0.25*BNL) * (x (1) /eLy))) ;
end

$Armadura ordindria transversal

BNT = (1/roT)*(fcr/fTy)"1.5;
enT = eTy*10"-3*(0.93-2*BNT) ;

if x(2)*107-3 <= enT
fT = x(2)*10"-3*Es;
else
fT = £fTy*((1-0.096*FF)*(0.91-
2*BNT) + ((0.2*FF+1) *(0.02+0.25*BNT) * (x (2) /eTy))) ;
end

$Armadura de pré-esforco

etotall edecl+x (1) *10"-3;
etotalT = edecT+x(2)*10"-3;

$Armadura de pré-esforco longitudinal

if edecL ~= 0
if etotall > zL
fpL = ElpsL* (etotalL-dEL)/ (1+ (ElpsL* (etotallL-dEL) /fpu) *m) "~ (1/m) ;
else
fpL = EpsL* (etotall);
end
else
fpL=0;
end

$Armadura de pré-esforco transversal

if edecT ~= 0
if etotalT > zT
fpT = ElpsT* (etotalT-dET)/ (1+ (ElpsT* (etotalT-dET) /fpu) *m) * (1/m) ;
else
fpT = EpsT* (etotalT)
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end
else

fpT=0;
end

%Tensdo principal de tracéo
S = mL*mT-mLT"2;
nL* (sigmaR+roT*fT+roTP*fpT) +mT* (sigmaR+roL*fL+roLP*fpl) ;

B =
C = (sigmaR+roT*fT+roTP*fpT) * (sigmaR+roL*fL+roLP*fplL) ;
sigmal = (1/(2*S))* (B-sqrt (B"2-4*S*C)) ;

$Comportamento ndo linear RA-STM

% Sistema de equacdes ndo-linear
F(1) sigmaD* (x (1) -edl) / (eR-edl) -mT*sigmal+roT*fT+roTP*fpT+sigmaR* (x (2) -

edl) / (eR-edl) ;
F(2) = sigmaD* (x(2)-edl)/ (eR-edl)-mL*sigmal+roL*fL+roLP*fpL+sigmaR* (x (1) -
edl) / (eR-edl) ;

end
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Funcao para impressao das curvas de comportamento da placa
function PLOT PLACA

SIL1TTTT7777 777700777777 07 770777077077 7777777777777777777777777777777777777
% IMPRESSAO DAS CURVAS DE COMPORTAMENTO DA PLACA /
SILLLLTTTIP 7777707777707 7 7777777777777 0007777777777 777777777777777

global a b d
global tal plot gama plot tal smm plot gama smm plot
global FPL FPT ETOTALL ETOTALT ED SIGMAD TAL GAMA EL ET FL FT ER SIGMAR

% Opcao:

disp(' ");

disp ('PLACAS SERIE "TAF" ou PLACA COM DADOS INTRODUZIDOS') ;

disp(' ");

disp('l - Curva Tensdo de compressdo x Deformacdo de compressédo do betdo');
disp('2 - Curva Tensdo de tragdo x Deformacdo de tracdo do betdo');
disp ('3 - Curva Tensdo de tragdo x Deformacdo de tracdo da armadura
longitudinal ordinéaria');

disp('4 - Curva Tensdo de tragdo x Deformacdo de tracdo da armadura
transversal ordinaria');

disp('5 - Curva Tensdo de tragdo x Deformacdo de tracdo da armadura
longitudinal de pré-esforco');

disp('6 - Curva Tensdo de tracdo x Deformacgdo de tracdo da armadura
transversal de pré-esforgo');

disp('7 - Curva Tensé&o de corte x Deformagdo de corte');

disp(' ");

disp ('8 - Voltar ao inicio');

disp(' ");

disp('0 - Sair');

disp(' ");

IND = input('Escolha uma opcédo: ');
%Casos de plotagem e impressdo das curvas

while IND > O
switch IND

% PLACAS SERIE "TAF-1" ou PLACA COM DADOS INTRODUZIDOS

case 1
% 1 - Curva Tensdo de compressdo x Deformacdo de compressédo do
betao
hold on

plot (-[0 ED],-[0 SIGMAD], '--b','LineWidth',2)
% Titulos

xlabel ('"\epsilon D (1/1000)");

ylabel ("\sigma D (MPa)");

legend (b, 'Location', 'southeast');

grid on

hold off

case 2
% 2 - Curva Tensédo de tracdo x Deformacdo de tracdo do betdo
hold on
plot ([0 ER], [0 SIGMAR],'--b', 'LinewWidth',2)

% Titulos

xlabel ('\epsilon R (1/1000)");
ylabel ("\sigma R (MPa)");

legend (b, 'Location', 'southeast');
grid on

hold off
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case 3

% 3 - Curva Tensdo de tracdo x Deformacdo de tracdo da armadura
% longidudinal ordinaria
hold on

plot ([0 EL], [0 FL],'--b', 'LineWidth',2)
% Titulos

xlabel ('"\epsilon L (1/1000)");
ylabel ('f L (MPa)');

legend (b, 'Location', 'southeast') ;

grid on

hold off

case 4
% 4 - Curva Tensdo de tracdo x Deformacdo de tracdo da armadura

% transversal ordinaria

hold on

plot ([0 ET], [0 FT],'--b', 'LineWidth',2)

% Titulos

xlabel ('"\epsilon T (1/1000)");

ylabel ("f T (MPa)');

legend (b, 'Location', "southeast') ;

grid on

hold off

- Curva Tensédo de tracdo x Deformacdo de tracdo da armadura
% longidudinal de pré-esforcgo

hold on

plot ([ETOTALL*1000], [FPL], '--b', 'LineWidth',2)

% Titulos

xlabel ('"\epsilon p L (1/1000)");

ylabel ('f p L. (MPa)');

legend (b, 'Location', "southeast');

grid on

hold off

case 6
% 6 - Curva Tensdo de tracdo x Deformacdo de tracd da armadura
% transversal de pré-esforco
hold on
plot ([ETOTALT*1000], [FPT], '--b', 'LineWidth',2)
% Titulos
xlabel ('"\epsilon p T (1/1000)");
ylabel ('"f p T (MPa)');
legend (b, 'Location', 'southeast');
grid on
hold off

case 7
% 7 - Curva Tensdo de corte x Deformacdo de corte
hold on
plot (gama plot,tal plot,'-rs', 'LineWidth',2)
plot (gama smm plot,tal smm plot, '-g', 'LineWidth',6 2, 'MarkerSize',7)
plot ([0 GAMA], [0 TAL], '--b','LineWidth',2)

% Titulos
xlabel ('\gamma L T (1/1000)");
ylabel ("\tau L T (MPa)");
legend(a, ...

d,...
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b, 'Location', 'southeast');

grid on
hold off
case 8
inicio;
end
disp(' ")
IND = input('Escolha uma opcao:'");
end
end
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Anexo VIII. Previsoes teoricas do RA-STM PSFC

Placa TAF-1 (Hoffman N.S., 2010)
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Placa TAF-2 (Hoffman N.S., 2010)
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Placa TAF-3 (Hoffman N.S., 2010)
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Placa TAF-4 (Hoffman N.S., 2010)
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Placa TAF-5 (Hoffman N.S., 2010)
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