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1．はしがき

　近年、構造物が巨大化するとともに、供用中の構造物のごく近傍あるいは水深の深い水

中に建設し、騒音・振動など環境に及ぼす影響を最小限に抑え、その上、経済的になど、

構造物に対する要求条件がますます複雑多岐にわたるようになってきた。従来、一つの構

造物は、鋼構造あるいは鉄筋コンクリート構造というように、一種類の材料を用いて建設

されることが極めて多かったが、それぞれの材料特性に応じて、鋼とコンクリートを適宜

に組み合わせた複合構造とすれば、力学的に合理的な構造とすることが可能となり、構造

物に要求される複雑多岐な性能を満足させるのが容易となる場合が少なくない。このため、

橋梁をはじめとする各種の構造物に複合構造を適用しようとする技術開発が盛んに行われ

るようになってきた。

　このようなメリヅトがある鋼コンクリート複合構造に対しては、これを合理的に設計す

べく、設計基準類が整備されつつはあるが、現状では、その力学的な挙動を的確に予測で

きる解析手法は確立されていないといって過言でない。これは、一方では、複合構造が多

岐にわたるため、従来の知見を一般化するのが困難であることに起因しているが、もう一

方では、基本特性の解明が徹底的に遅れていることに大きな原因がある。このため、新た

な複合構造を建設しようとするときには、大規模な実験を行うことが余儀なくされている

状況を招いている。

　本研究「鋼コンクリート複合構造の力学特性解析法確立に関する研究」は、このような

背景のもとに立案したもので、鋼コンクリート複合構造全般にわたって、その通常の使用

状態下および地震その他の荷重を受ける極限状態下の力学的挙動を的確に予測できる解析

法を確立することを目標とした。これを達成するため、まず、鋼材とコンクリートの付着

特性、ずれ止めの挙動といった、複合構造の挙動を左右する鋼材とコンクリートとのカの

伝達メカニズムに着目して、その基本的解明を図り、力学モデルを作成した。ついで、鋼

コンクリート接合部の挙動を、上記に基づいた解析および実験により解明し、接合部内に

おける力の伝達メカニズム、接合部の構造細目が力学的特性に及ぼす影響などを明らかに

しようと検討を重ねた。これらの成果に基づいて、全体構造の力学的特性を解析する場合

のモデル化の方法、接合部の取り扱いなどを明らかにする研究に歩を進め、解析法の方法

論を確立することに努めた。
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　本研究の研究組織は、下記のようである。この種の研究は、鋼構造の研究者、コンクリ

ート構造の研究者および構造解析の研究者が密接な連携を保って進める必要があり、この

ため、研究代表者が連携をとりやすい研究者に参加を求め、下記ような研究組織としたの

である。
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2．研究成果

（i）穴あき鋼板が伝達し得るせん断力にっいて既往の文献を調査した結果、終局せん断

　　力は、穴の面積およびコンクリート強度に概ね比例すること、このことを仮定した

　　場合、実験値は穴径が小さい場合やや大きく、大きい場合やや小さい傾向があるこ

　　　と、実験値の回帰曲線を0．7倍すれぱ、終局せん断力を安全側に評価できること

　　が明らかになった。

（2）一般鋼材とコンクリートとの付着特性に関する既往の文献を調査した結果、付着強

　　度は摩擦係数によって整理するのが便利であり、かぶりの影響は側圧に換算して、

　　　これを表すことが可能であって、その力学特性は鋼板とコンクリートの接触問題と

　　　して定式化できることが判明した。



（3）スタヅドジベルに関し、これを溶植した鋼材をコンクリートに埋め込んだ供試体に

　　　つき載荷実験を行った結果、本研究の準備となる研究で得たスタッドジベルの解析

　　　プログラムは十分な精度でその挙動を予測できるが、これを全体構造の解析に用い

　　　るには、単純化する必要が認められた。単純化の一つの方法として、一端を鋼板に

　　　他端をコンクリートに固定した梁要素とし、その曲げ剛性を前述の解析プログラム

　　　であらかじめ求めておく方法が有望であるが、なお検討が必要である。

（4）鋼桁を鉄筋コンクリート橋脚に剛結する形式の複合構造について、小型供試体を用

　　　いた載荷実験の結果と有限要素解析を対比した結果、鋼板とコンクリートを完全付

　　　着とし、相互の剥離を考慮しない場合、コンクリートの構成則として、分散ひび割

　　　れモデルを用いてひずみ軟化を考慮し、等方性材料として破壊基準をモールクーロ

　　　ン則、混合硬化とすれば、満足できる程度に接合部の挙動を推定できるが、大変形

　　　領域での精度を向上させるには、鋼板とコンクリートのすべりならびに剥離を考慮

　　　する必要があることが明らかとなった。

（5）コンクリートと鉄筋の付着およびコンクリートと鋼板の付着をより厳密に取り扱う

　　　ため、既往のモデルをもとに、付着特性をバネで表現する付着要素の開発を行った。

　　　特に、コンクリートと鋼板の付着要素は、すべりおよび剥離を考慮できるようにし

　　　た。

（6）開発した有限要素プログラムによる解析結果と載荷実験の結果と対比した結果、こ

　　　のプログラムによれば、大変形領域まで精度よく力学挙動を追跡できることが示さ

　　　れた。このプログラムは、開発で主に対象とした複合構造以外の複合構造にも用い

　　　ることができる。

（7）開発した有限要素プログラムを用い、鋼桁を鉄筋コンクリート橋脚に剛結する複合

　　　橋梁の挙動解析を重ねた結果、接合に特別の工夫をしない限り、上部構造からの荷

　　　重の大部分は接合部近傍に伝達され、横方向には分散しないことが明らかとなった。

　　　また、横桁にダイヤフラムを設け、そのダイヤフラムにフランジを付ければ、荷重

　　　は横方向へ効果的に分散伝達されることも明らかとなった。

（8）解析結果を基に、より簡便に接合部の力学挙動を解明し、設計に結びつけることが

　　　できるストラット・タイモデルを開発した。

　以上の成果の詳細を、以下に示す。なお、このような成果が得られ、鋼コンクリート複

合構造の開発に貢献できたことは、科学研究費補助金が与えられたことと研究分担者各位

の熱心なご協力によるところが大きい。ここに記して、厚くお礼申し上げる次第である。



鋼桁とRC橋脚を剛結した複合ラーメン橋

接合部の力学特性に関する研究

石澤徹1・町田篤彦2・長谷俊彦3・佐藤徹4

　1正会員　埼玉大学大学院理工学研究科（〒336－0907埼玉県浦和市道祖土4－34－4－203）

　1正会員　工博埼玉大学教授工学部建設工学科（〒338－8570埼玉県浦和市下大久保255）

　　　1正会員JH試験研究所橋梁研究室（〒194－8508東京都町田市忠生1－4－1）

4正会員　（株）宮地鐵工所技術本部技術部技術開発課（〒290－8580千葉県市原市八幡海岸通3）

鋼桁とRC橋脚を剛結した複合ラーメン橋接合部の設計を行なう場合，合理的に主桁断面力をRC橋脚に伝達させ

ることが重要となるが，その荷重伝達機構は解明されてはいない．本研究では複合ラーメン橋接合部の実験結果と解

析結果の比較により解析の妥当性を検討した後，実構造物をモデルとした3次元FEMを行ない接合部コンクリート，

横桁，橋脚の各部に関して詳細な検討を行なうことで，合理的な接合部構造形式の提案と荷重伝達機構の解明を試み

た．
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1．はじめに

鋼桁とRC橋脚を剛結した複合ラーメン橋が日本道路

公団を中心としてこれまでいくつか建設されており，さ

らに近年では鋼2主桁形式の標準化へ向けた検討が行わ

れている．しかし複合ラーメン橋接合部の設計法につい

ては，鋼桁からRC橋脚への荷重伝達機構が解明されて

おらず，また合理的に荷重を伝達させる接合部の構造形

式が確立されていない．そのための共通の設計法が示さ

れていないのが現伏である．

本研究では3次元FEM解析と複合ラーメン橋接合部の

実験結果とを比較することによって解析手法の妥当性を

検討した後，実構造物を対象とした解析を行なった．こ

の解析結果をもとに接合部を構成する部材である接合部

コンクリート，横桁に着目した検討を行なうことで，よ

り合理的な接合部構造形式の提案と荷重伝達機構を解明

しようとした．

2．複合ラーメン橋接合部の実験

（1）鶏剣共試体

実験供試体は鋼銀桁とRC柱を剛結し，RC柱を取り囲

む形で横桁を配し横桁ウェブにはスタッドを配置したも

のである．供試体外観を図一2．1に，供試体寸法を図一

2．2に示す．実験にあたってはRC柱から鋼桁への荷重

1

伝達機構を明確にする目的で，荷重の伝達に主要な役割

を果た
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で載荷を行ない，単調載荷試験と正負交番載荷試験を行

なった．図一2．3に実験レイアウトを示す．

　図一2．2供言甜本寸法

表一2．1実験供試体の種類

供試体No 横桁の

タッド

横桁形状

TYPE－1A 30本 下フランジ外向き

TYPE－1B 16本 下フランジ外向き

TYPE－1C 16本 下フランジ内向き

TYPE－1C， なし 下フランジ内向き

TYPE－1D 16本 横桁は主桁と定着せず

鉄筋が横桁を貫通

TYPE－2 なし RC柱内部に埋め込み

桁間隔300mm

TYPE3 16本 RC柱幅から張り出す

桁間隔760mm

軸カジャツキ

クレビス

ロードセル

アクチュエーター

RC柱

支持ローラー

支持油圧ジャッキ

表一2．2実験供試体の材料特陛

コンクリート 弾陛係数23．4kN／㎜2

（早強コンクリート） 圧縮強度31．6N／㎜2

鎌 弾性係数212．1kN／mn2
（SM400A） 降伏強度304．6N／mm2

弓「張鍍457．8M㎜2

鑛 弾性係数191．7脚㎜2
（SD345） 鰍醸380．7N／㎜2

引弼鍍557．2M㎜2

図一2．3実験レイアウト

（3）実験結果

実験結果の概要を表一2．3に示す．単調載荷試験では

横桁下フランジ内向きのTYPE－1Cとスタッド本数の多

いTYPE－1Aの変位が比較的小さく接合部構造形式によ

り変位の差がみられた．正負交番載荷試験では20δy付

近までTYPE－1Dを除いては十分なじん性を有している

ことが

表一2．3実験結果

供試体No 鉄筋圏犬荷重
　（kN）

降伏変位δy

（㎜）

最大荷重
kN）

終局変位

最大変位）

破壊形状

計算値＊ 336．4 4．73 一 一 一

TYPE－1A 289．0 5．77 459．0 ＋23δy RC柱の曲げ破壊

TYPE－1B 298．5 7．61 489．5 ＋20δy RC柱の曲げ破壊

TYPE－1C 283．0 5．97 458．5 ＋23δy RC柱の曲げ破壊

TYPBIC’ 313．5 6．92 449．0 ＋20δy RC柱の曲げ破壊

TYPE－1D 297．5 7．89 352．0 ＋3δy 接合部のせん断破壊

TYPE－2 311．0 7．99 463．5 ＋20δy RC柱の曲げ敬壊
TYPB－3 349．5 7．85 466．5 ＋20δy 接合部せん断破壊

C柱曲げ破壊

＊RC柱断面計算による

すとされる横桁，横桁ウェブのスタッドに着目し横桁形

状，スタヅド本数，横桁・スタッドの有無をパラメータと

した．表一2、1にこれらの供試体の種類を示す．また用

いた材料の特［生は表一2・2に示す。

（2）実験方法

実験は供試体をローラー上に横向きの状態で設置し，

主桁端部（片側可動，片側固定）を支点としRC柱に載

荷する方法で行なった．上部工自重分（V；240kN）を鉛

直荷重として一定載荷した状態で水平荷重を加える方法

示された．

3．解析の概要と実験結果との比較

（1）解析方法

解析には非線型有限要素法汎用プログラムMARCを

使用した．

コンクリート部分には8節点ソリッド要素を使用し，

その破壊条件はMohr－CouIomb則とした．図一3．1にコ

2



ンクリートの構成曲線を示す．これは実験供試体で用い

たコンクリートの圧縮強度試験の結果から得られた曲線

を直線との差を考慮し試験値に0．85を乗じた値を用い

た．なお図のように，圧縮域ではひずみが0．002に達す

ると

ない，荷重は実験と同様に鉛直荷重を与えた後水平荷重

を節点に作用させる方法で，単調載荷試験の最大荷重付

近まで載荷した．

（3）実験結果との比較

a）　変位

　図一3．3に一例としてTYPE－1Cの水平荷重一水平変位
応力（N／mm2）
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図一3．2解析モデル（TYPE－1B）
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一モ…一圧縮側鉄筋（実験値）

一合・一弓1張側鉄筋（実験値）

十圧縮謝鉄筋ご解析値〉
＋引張倶，U鉄筋（解析値）

ひずみ軟化が発生し，0．0035では圧壊が生ずるとした．

また引張域ではひび割れは主応力が引張強度（0．23fck2／3

（N／mm2））に達した時点で主応力と直角方向に発生し，

その後ひび割れひずみの10倍に達するまで直線的にひ

ずみ軟化が発生すると定義した．

　鋼板には4節、点厚肉シェル要素を使用し，コンクリー

トとの接合面ではすべりのみを考慮し剥離は考慮しない

条件とした．鉄筋には2節点3次元トラス要素を，スタ

ッドには2節点3次元弾性はり要素を使用し，どちらも

コンクリートとは完全付着とした．鋼材の降伏条件は

von－Msesとし，応カーひずみ曲線は完全弾塑性体とし
た．

（2）解析モデル

解析モデルは実験供試体を主桁ウェブ中央で分割した

1／2モデルとした．解析モデルを図一3．2に示す．解析

はTYPB－1Aを除く6供試体の単調載荷試験について行

　一1000　　－500　　　　0　　　　500　　1000　　1500　　2000

　　　　　　　鉄筋ひずみ（μ）

図一3・4水平荷重一主鉄筋ひずみ関係（TYPE4C）

　0

関係を示す．この図のように，4タイプの解析による荷

重一変位関係は実験と比較して全てよく一致した．

b）　鉄筋のひずみ

図一3．4にTYPE－ICの水平荷重一鉄筋ひずみ関係を示

す．この図は主桁に近い側の鉄筋であるが，主桁から離

れた側の鉄筋についても同様に全て実駒直とよく一致し

た．

c）　鋼板の主ひずみ

図一3．5，図一3．6に単調載荷討験の最大荷重時にお

ける鋼桁の主ひずみ分布を示す．主桁，横桁とも主ひず

み方向はよく合っており特に横桁では大きさ，方向とも

よく一致しているといえる．

　これらのことから本研究の解析は妥当な結果を与える
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と判断される。

4．実構造物を対象とした解析

（1）解析方法および解析モデル

　ここでは2主桁飯桁形式の複合ラーメン橋を対象とし

た実構造物モデルについて解析を行なった、解析モデル

行なった．支点条件はRC橋脚下面を完全固定とし，切

断面では面の法線方向の変位，および面の接線まわりの

回転を拘束した。

解析モデルは，横桁構造の違いにより以下の3モデル

について比較検討を行なった．

Modd・1＝横桁力接合部コンクリートを取り囲む形で配置

され、横桁上下フランジが外向きで接合部コンクリート

　
　　　

　　　i
圧縮傾1樹行ウェブ

1 o
，

一
1

主桁下フランジ

1
1
［

1

i

1

　　500　　　　　1000（μ〉
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主桁上フランジ 図一4．1解析モデル

分割面

図一3・5鋼桁主ひずみ実験値（TYPE－1B）
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図一3．6鋼桁主ひずみ解析値（TYPE－1B）

では接合部を丁字型に取り出し主桁ウェブと平行な面で

2主桁の中間部で橋脚を分割した．接合部コンクリート

は，主桁ウェブ，横桁ウェブで取り囲んだ形式とし，荷

重伝達に及ぼすスタッドの働きを考え，スタッドは横桁

ウェブのみに配置し他には一切配置していない．使用要

素，材料定数などの解析方法は前章の解析と同一とした。

図一4．1に解析モデルを示す．

載荷方法は上部工の自重分（約62kN／m2）を主桁上フ

ランジに分布荷重として一定載荷した挽態で，主桁端部

に鉛直方向に等価な偶力を与え接合部に曲げモーメント

捌乍用するよう，主鉄筋が陶犬するまで単調増分載荷を

　　　　k

　　　　横桁フランジ

ダイヤフラム

図一4．2解析モデルの横桁構造（Model－3）

と横桁がスタッドのみで接合されており，3モデルの中

で鋼桁からコンクリートヘの荷重伝達作用が最も低いと

予想される．

M6del・2：横桁上下フランジが内向きで下フランジがRC

橋脚内に埋め込まれており，フランジを貫通して主鉄筋

が配置されている．Mbdel－1と比較して横桁から接合部

コンクリートヘのモーメントの伝達作用が増加し接合部

コンクリートの圧縮ストラット形成作用が高まると予想

される．

Mdel・3：横桁フランジの向きはM6de1－1と同様とし，横

桁間にダイヤフラムを配置し両側の横桁を接合すること

によって横桁の剛性を高めたため，横桁からの接合部コ

ンクリートヘの荷重伝達作用が増すと予想される．ダイ
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ヤフラムの寸法は2900×3000mmで厚さは主桁ウェブと

同様の18mmとし，主桁位置から1450mm（主桁間隔

5900mmを想定）の位置に配置した．

図一4．2にMOdel－3の接合部構造を示す．

5．接合部コンクリートの挙動

断面A
　断面B

　　断面C
　　　断面D
　　　　断面E
　　　　　断面F

図一5．1荷重計算断面

ここでは断面内の要素において高い応力が発生する外側

要素のみを考慮した計算を行なったため，実際はこれよ

りやや低い値を示すと思われる．コンクリート要素に圧

壊などが生ずると応力の出力が不可能となるため，荷重

と断面に作用する曲げモーメントの関係は必ずしも比例

しない．したがって着目した要素の全積分点での応力の

出力が可能な範囲である荷重が25200kN・mまでを対象

とした．
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図一5，3接合部コンクリートに作用するモーメント分布

M4

・（

M3

図一5．3断面のモーメント計算

　
耀）

（1）接合部コンクリートに作用するモーメント

この種の構造において，主桁から橋脚への荷重伝達は

主桁の近傍に限られるといった問題が報告されている点

を確かめるため，接合部コンクリートにおける主桁直角

方向の荷重分布状況について検討を行なった．この検討

は，図一5．1に示すようにほぼ主桁フランジ幅の1／2間

隔に切断した断面における接合部コンクリートに作用す

るモーメントを計算することによって行なった．曲げモ

ーメントの計算にあたっては，図一5．2に示すように断

面の外側の要素（A1～A4）にのみ着目し要素の鉛直，

水平方向応力に要素断面積を乗じ荷重とした．次にこの

荷重をもとに力の釣り合いを考え図一5、2に示すモーメ

ント（M1～M4）の向きを正と仮定して，断面中央に関

するモーメントを求めた．その結果を図一5．3に示す。

この結果から明らかなように全てのモデルについて断

面Bにおいてすでに急激なモーメントの低下が見られ，

断面C以降ではモーメントの値が負となり，ほとんど作

用していない．このことは圧縮ストラットの機構による

荷重伝達作用が，主桁近傍の狭い範囲に限られているこ

とを表している．断面C以降でモーメントの値が負とな

っているのは，図一5．2で示したM3において圧縮側で

橋脚コンクリートからの支圧，および引張側で主鉄筋の

定着作用によって図中で仮定した向きとは逆向きのモー

メントが発生し，M1，M2，M4と打ち消し合うためであ

る．全てのモデルで同様にモーメントカ紙下しているこ

とから，主桁近傍で発生したモーメントが主桁から離れ

た位置に効率良く伝達される働きには横桁構造はそれほ

ど関与しないといえる．しかし断面Aでのモーメントで

比較した場合，M6del－1と比べるとMd㏄1－2，M6del－3では

やや低減されており，主桁近傍のモーメントが接合部コ

ンクリート以外の他の部分（横桁など）に負担されてい

るとみなすことができる．

（2）モーメント成分の分布

前節で述べたように図一5．3に示したモーメント分布

の値は図一5．2におけるM1～M4を足し合わせたもので

あった．ここでは各断面に作用するモーメントをM1～

M4の各成分に分け荷重25200kN・mにおける断面ごとの

分布を示したものが図一5．7～図一5．9である．

これらの図に示すように，いずれのモデルも断面A，B
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ではM1，M2のモーメントが比較的大きいのに対し，断

面C以降ではM1，M2，M4がほとんど発生せずM3の

みがわずかに負の値を示したまま一様に分布している傾

向を示している．モーメント協とは橋脚と接合部コン

クリートの境界において作用するモーメントであり，し

たがって主桁近傍で発生したモーメントが断面C以降に

伝達されるのに対し，橋脚コンクリートの支圧力と主鉄

筋の引張力による伝達機構によって橋脚にモーメントを

伝

達していることを表している。

（3）断面の主応力の流れ

図一5．10～図一5．13に断面A，Gのコンクリート要

素における断面に投影表示した最大主応力、最小主応力

の流れを示す．

モデルによって主応力の流れに違いはみられないが，

断面ごとで比較した場合主桁フランジ内の要素の断面A，

B
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図一5．7モーメント成分分布（Mode1－1）
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図一5．8モーメント成分分布（ModeL2）
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図一5．10断面Aでの最大主応力の流れ（Mode1－1）
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図一5．11断面Aでの最大主応力の流れ（M（xiel－1）
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図一5．13断面Gでの最小主応力の流れ（Mode14）
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クリートからの鉛直方向の圧縮力，および横桁ウエブか

らの水平方向の圧縮力酬乍用することで圧縮ストラット

が形成されこれが荷重伝達機構となる．一方，主桁フラ

ンジ外の要素では横桁から作用するモーメントと主桁近

傍から伝達するモーメントを，圧縮側で橋脚コンクリー

トの支圧力および引張側主鉄筋の引張力によって橋脚に

曲げとして伝達する機構を有しているといえる。以上の

ことから明らかとなった接合部コンクリートの荷重伝達

機構を模式的に示したものが図一5．14である。

6．横桁の挙動

（1）横桁に作用する鉛直荷重分布

鶏痴 主鉄筋

灘崖ブ

↑

　さ　コンクリ　ト

から曜勧　　　　　　　橋馳ンクリート　主嚇の引動
　　　　　　　　　　からの圧縮力

㌧ノ　　　　　　ぐ■■外力

　　　　　　鯉抵杭力

図一5．14接合部コンクリートの荷重伝漣機構
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とフランジ外の要素の断面C～Fはそれぞれほぼ同様の

性状を示し，その2つには明らかな違いがみられる．断

面Aでの最小主応力の流れから判断すると主桁上下フラ

ンジからの圧縮力が鉛直方向に，横桁ウェブからの圧縮

力が水平方向に作用しており，このうち主として横桁か

らの圧縮力と橋脚からの圧縮力によってよって断面の対

角方向に圧縮ストラヅトカ研絨され，これが荷重伝達機

構となっていることがわかる．断面Aでの最大主応力の

目立った分布は見られないことから，圧縮ストラット方

向と直角方向に発生する引張力が主桁ウェブによって負

担されているとみなすことができる．

　一方，断面C～Fでは最大主応力，最小主応力の流れ

から判断して横桁から作用するモーメントと，鋼桁から

主桁フランジ内の要素に作用する圧縮力によって主桁近

傍で発生したねじりモーメントが伝達され，これが橋脚

コンクリートの支圧と主鉄筋の引張力によって抵抗する

ことで曲げ力斗乍用していることがわかる．

（4）荷重伝達機構における接合部コンクリート（厨館哩

　これまでの接合部コンクリートにおけるモーメントの

分布と最大，最小主応力の流れの結果から明らかとなっ

た力学性状から，接合部コンクリートを主桁フランジ内

の要素とフランジ外の要素に分けて別の荷重伝達機構を

考える必要がある。主桁フランジ内の要素では橋脚コン

図一6、1　横桁に作用する鉛直荷重分布

　次に横桁の挙動について考えるため，横桁が負担する

鉛直荷重を接合部コンクリートの場合と同様の断面ごと

に計算した．断面内で最大の応力が発生する最下部の要

素の鉛直応力に鉛直方向の要素断面積を乗じ荷重とした

ものを横桁に作用する鉛直荷重とした．荷重25200kN・m

時におけるその分布を図一6．1に示す．図中において鉛

直下向きに荷重が作用する側を圧縮側横桁，上向きの側

を引張側とし，横桁に作用する鉛直荷重の符号は鋼板の

引張力を正，圧縮力を負とした．

　その結果，主桁下フランジを外向きとすることで横桁

ウエブに配置したスタヅドによってコンクリートに荷重

を伝達するとしたM6de1－1，M6del－3では断面Cですでに

鉛直荷重の低下が生じ，M6del－1では断面D以降では鉛

直荷重がほとんど作用しておらず，逆に主桁フランジ内

の断面A，Bに集中的に作用している．横桁上下フラン

ジを内向きとすることでフランジのずれ止め効果によっ

てコンクリートに荷重を伝達することを期待した

M6del－2では，圧縮側，引弓鼠則横桁とも鉛直荷重は緩や

かに減少するもののそれほど急激な低下は見られず一様

な分布を示している．また断面A，Bに作用する荷重も

他のモデルと比較して小さく，横桁に作用する荷重が効

果的に主桁直角方向に分散され負担されていることが分
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かる．M6del．3ではダイヤフラム近傍で荷重の増加が見

られるものの，それ以外の断面ではMbdd－1とそれほど

変わらない分布を示している。

（2）合理的な横桁構造

スタッド本数が等しく横桁フランジ形状の異なる

MOdel．1とMddel－2を比較した結果，鉛直荷重の分布に大

きな差が見られたことは，横桁の役割としてスタッドを

介して荷重を伝達する部材と考えた場合に合理的な構造

とはいえないことを表している．主桁から横桁→スタッ

ド接合部コンクリート→主鉄筋→橋脚コンクリートとい

＿七仔・ポ！ハ＃舌仁2捌【★♪』甚みz｝gh章、ナ降ヤ　ア　 磁士にト

（2）橋脚コンクリートに作用する荷重分布

橋脚に作用する鉛直荷重を定量的に示すため・接合部

から橋脚コンクリートに伝達する鉛直荷重の分布を明ら

かとした．橋脚コンクリートに作用する鉛直荷重を求め

る方法として，橋脚中央から圧縮側の範囲にあり接合部

コンクリート要素と接する橋脚コンクリート要素の鉛直

応力に要素断面積を乗じ荷重とした．次に各断面ごとに

それらを足し合わせたものを断面に作用する鉛直荷重と

しその分布を図一7．2に示す．

主桁フランジ内の要素の断面A，BではMbde1－1，

MOdel．3が同様の分布1生状を示すが，主桁フランジ外の

要素ではMOdel－3がダイヤフラム近傍の断面において大
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図一7．1主鉄筋に作用する荷重分布

下フランジによるずれ止め作用によって橋脚コンクリー

トに荷重を伝達する部材と考えた方がより合理的である

と思われる．

7．橋脚の挙動

（マ）橋脚主鉄筋に作用する荷重分布

主鉄筋の1本当たりに作用する圧縮，引張応力に鉄筋

断面積を乗じ荷重としたものの分布を図一7．1に示す．

引張側鉄筋では，MOdel－1，M6deI－2では主桁から離れ

るにつれて徐々に荷重は減少しているが，逆にMbdel－3

ではダイヤフラム位置にかけて荷重の増加が見られる．

しかしダイヤフラムより外側での荷重の減少は他のモデ

ルと比較して著しい．

圧縮側鉄筋では，M6de1－1，M6del－2では主桁ウェブか

ら1500mm付近の位置まで荷重が増加し，その後一様の

分布

となる．M6de1－3でもダイヤフラム位置にかけて圧縮側，

引張側の鉄筋とも荷重が増加し，ダイヤフラム位置より

外側では一転して荷重力抵下し，やがて一様な分布を示

す．
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きい値となっている．M6deL2では断面Bにおける荷重

の低下が他のモデルと比較して少なく，それ以降では一

様な分布を示すことがわかる．

（3）ダイヤフラムの効果

以上の主鉄筋，橋脚の荷重分布から，ダイヤフラム近

傍において橋脚コンクリート，鉄筋とも大きな荷重酬乍

用していることが明らかとなった．したがってダイヤフ

ラムはモーメントを橋脚に伝達するための有効な荷重伝

達部材であることが示された．

議糸8

本研究では接合部コンクリート，横桁に着目しFEM解

析によって要素応力から求めた荷重による評価を行なっ

た．

（1）接合部コンクリート

接合部コンクリートは主桁フランジ内の要素と主桁フ

ランジ外の要素においてそれぞれ別系統の荷重伝達機構

を有しており，主桁フランジ内要素は横桁ウェブから作

用する圧縮力と橋脚から作用する圧縮力によって圧縮ス

トラットカ肝城されこれが主要な荷重伝達機構となる．

8



主桁フランジ外要素では横桁から伝達するモーメントお

よび主桁近傍から伝達されるモーメントに対して，圧縮

側で橋脚コンクリー』トからの支圧力，引張側で接合部内

に貫通させた主鉄筋に作用する引張力の2つの力により

橋脚に曲げを伝達する機構となる．

接合部コンクリートのモーメント分布は主桁近傍への

集中が見られたものの，適切な横桁形状を採用すること

で各部材への伝達作用を高めMbde1－2では横桁に，

Mddel－3ではダイヤフラムに負担させることで主桁近傍

から離れた範囲へ伝達させることが可能となる．

時に，建設材料研究室にて行った修士論文の内容をまと

めたものである．また本研究で使用した実験は研究名称

　「鋼桁とRC橋脚の剛結構造の応力伝達に関する検討」

と題し，日本道路公団試験研究所，（株）宮地鐵工所，

　（財）高速道路調査会，上下部一体ワーキンググループ

　（川崎製鉄（株），三井造船（株），片山ストラテック

　（株））で行なった実験結果を使用しました．実験デー

タを提供していただきました日本道路公団試験研究所の

、皆様，ならびに実験に携わった各企業の方々にはここに

深く感謝いたします．

接合部主桁に作用するモーメント

鋼桁からの圧縮力

フランジ内要素

圧縮力

ねじりモーメント

引張力

　　横桁
横桁のフランジ、ダイヤフ

ラム等のずれ止め効果

フランジ内要素　　主桁ウェブ　　フランジ外要素

圧縮ストラット
橋脚コンクリートの支圧力

主鉄筋の引張力

主桁下フランジ近傍　　　橋脚コンクリート圧縮側

橋脚コンクリート　　　　橋脚主鉄筋引張側

支圧力 モーメント

RC橋脚

図一8．1荷重伝達機構

（2）横桁

横桁は横桁ウェブのスタッドを介して接合部コンクリ

ートに荷重を伝達する部材とするよりも，主に横桁フラ

ンジを内向きとしそのずれ止め効果によってコンクリー

トに荷重を伝達する部材とした方がより合理的である．

またダイヤフラムは曲げに対して有効な荷重伝達部材

となりうることが確認された．

（3）荷重伝達機構

接合部を構成する部材の力学特性によって明らかとな

った鋼桁からRC橋脚への荷重伝達機構を図で示すと図

一8、1のようになる．

参考文献

1）米澤健次＝コンクリート系構造部材の非線形有限要素解析

手法の開発とせん断抵抗機構の分析，平成6年度千葉大学博士

論文，1995年3月

2）杉山孝雄ご鋼桁を鉄筋コンクリート橋脚に接台した複合構

　造の耐荷陸能に関する研究，平成8年度埼玉大学修士論文，

　1996年3月

3）杉山孝雄，M㏄hammadAHFUDDIN，町田篤彦，佐藤徹：

　鋼一コンクリート複合構造接合部の耐荷機構に関する研究，

　コンクリートエ学年次講演会論文集第19巻第2号，

　pp。1449－i454，1997年6月

4）佐藤徹，清水功雄，太田貞次，町田篤彦1複合ラーメン

　橋の接合部設計法に関する一提案，土木学会構造工学論文集，

　pp，143H438，ユ999年3月

5）清水功雄，井ヶ瀬良則，田中祐人，長谷俊彦：鋼桁とRC

　橋脚剛結部における応力伝達機構，土木学会第54回年次学

　術講演会1直140，1999年9月

6）長谷俊彦，小林潔，大久保宣人，安松敏雄：鋼桁とRC

橋駆綱酷構造に関する実験的研究，土木学会第54回年次学

術講演会LA141，1999年9月

7〉長谷俊彦，井ケ瀬良則，清水功雄，田中祐人，ノゴ、林潔，

大久保宣人：鋼桁とRC橋脚の剛結部応力伝達機構に関する

実験的考察，第4回複合構造の活用に関するシンポジウム講

演論文集，pp・207－212，土木学会，1999年11月

謝辞＝本研究は著者が埼玉大学大学院博士前期課程在籍

9



STUDYON　MECHANICALCHARACTERISTIC　OFCONNECTION　IN
　　　　　STEEL－CONCRETE　HYBRID　RIGID　FRAME　BRIDGE

Tom　ISHIZAWAandAtsuhiko　MACmDAandToshihiko　NAGATANI　andToru　SATO

　When　we　design　connection　ln　steek：oncrete　hybrld　rigid　frame　bridge，we　have　to　adopt　rational　structure　about

comection　in　order　to　trans£er　load　smoothly　from　girder　to　RC　column．Budoad　trans‘er　mechanism　in　connectlon　has

not　ever　been　to　probed・・Therefore　in　this　study，first　I　examined　appropriatio践of　finite　element　method（FEM）analysis

the　way　which　compare　result　of　experiment　in　connection　in　stee1－concrete　hybrid　rigid　frame　bridge　with　result　of　FEM

analysis，Next　I　did3－dimensional　FEM　analysis　subject　ofreal　brldge　and　examined　about　concrete　in　connection，cross

girder　an（1RC　column。In　this　result，I　trie（1to　suggest　rational　structure　in　connection　and　probe　load　trans五er　mechanism

in　connection．

10



Behavior of Steel Girder-Reinforced 

Pier Composite Connection 

Concrete 

By 

Chakree Bamrungwong 

Dissertatlon submitted in partial fulfillment of the requirements 

for the degree of Doctor of Engineering 

Saitama University 

Graduate School of Science and Engineering 

Su pervisor 

Examining Committee 

: Prof. Atsuhiko Machida 

: Prof. Hiroki Yamaguchi 

Prof. Hiroshi Mutsuyoshi 

Prof. Yoshiaki Okui 

September 200 l 



7
 

CHAPTER 2 
Analytical Methodology 

2.1 Introduction 

Reliable analytical methodology is cui'rently necessary, as there seems to be no 

generalized and accurate analytical method that can predict the behavior of the 

composite connection. With the accurate analytical methodology, the designers can 

quickly simulate the behavior of SLlch a structure under any preferable loading 

conditions and check the structural performance in every specific aspect. The accurate 

analytical methodology, certainly, cannot substitute the necessity of the test of prototype 

specimen which is mLlch more re]iab]e way to investigate the characteristics of the 

structures. But It helps put off the necesslty to run 'a random experiments that Is very 

costly and time consuming, on]y to get to know at the end that the particular type of 

structure is not a potentially applicable in the real works. 

2.2 Objectives 

Correspondingly to the pi'oblem stated above, this phase of research was established. 

The main objecti¥re of this phase is set as to de¥Jelop the analytical methodology based 

on finite element method that can accurately shllulate the behavior of the structure 

consistlng of the steel girder-reinforced concrete pier composite connection subjected to 

the external load. 

Due to its proven generality ancl effectiveness, the finite element procedure ;s chosen to 

be the main methodology in an'alyzing this comp]ic~lted structure. A finite e]ement 

'.malysis p'ackage, MARC ¥~'as utilized in computation along with the p. re- and post-

processing program, MENTAT. The three-dimensional finite element analysis is 

conducted in this research phase with taking into account the non-linear materi'al 

properties of concrete, reinforcing bar and steel plate. 
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The finite element analysis of the structure consisting of steel girder-reinforced concrete 

pler composlte connectlon compos_'es' of 3 maln analyticzll tas'ks, thosc zu'e, the mode]ing 

of the structure ¥;vlth finite eiement meshes, the modeling of the material properties that 

will be- assigned to e'ach element, and the execution of the analytical progr',ml to 

determine the responses of the structule These thlee ' nalytical tasks are explained 

separately as follows. 

2.3 Mode]ing of Structure Consisting of Stee] Girder-Reinforced Concrete Pier 

Composite Connection 

In this section, the construction of the physical finite element models representing the 

reinforced concrete pler, steel girders, and the interface between the pier and the girders, 

applied in this research are described consecutively in the following sub-sections. 

2.3.1 Model. ing of Reinforced Concrete Pier 

In finite element analysis of the relnforced concrete structures, there are 2 physical 

modeling methodologies that are widely used. The first method is cal]ed the dlscrete 

meshing. In this mcthod, the concrete and reinforcing bars are discretely .simulated by 

using two different types of element. Instead of i'igidly connecting the reinforcing bar 

nodes to the surrounding concrete nodes, the interface elements are applied to link these 

two elements together. The stiffness of this interface element is usually determined 

based on the bond-sllp behavior between concrete and relnforcing bar. 

The other method of structural mode]ing for reinforced concrete structures is' by 

constructing the distributed meshes. The concrete and reinforcing bars are not 

considered to be two different elements with two unique materials properties of concrete 

and steel as in the first method. But they are consldered to be the same element sharlng 

the s'ame gecuTletrlcal boundaries, '.md h'aving an 'aver'aged steel-concrete material 

p roperty. 

Although the structura] model of distributed mes'h type is more convenient to construct, 

it represents a less physlcal meanlng and pro¥'ed to be not suitable for some structural 

types. Therefore, in this research the discrete meshlng is selected to appiy in 

constructing the flnite element model of the structure having steel girder-reinforced 
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concrete pier composite connection. The types of element used to simulate concrete and 

reinforcing bElrs Lu'e 'as follo¥~'s. 

2.3.1.1 Concrete 

Element number 7 named as, a "three-dlmenslonal arbltrariJy distorted cube" provide.d in 

MARC analysls package is used to represent the concrete. Element number 7 is an 

eight-node hexahedral using the trilinear Interpolation functions. It posses _3 global 

translation degrees of freedom per node. Because of the compJexity of the fuJ] structura] 

model, thls type of lower-order element is selected so as to reduce the analytical 

difficulties as well as to shorten the analytical time. The element shape is as shown in 

Fig. 2. I . 
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Fig. 2. I Concrete element 

2.3.1.2 Reinforcing Bar 

The three-dimensional truss element (MARC element number 9) is used to simulate the 

reinforcing bars. This 2-node truss element Is a simple 1lne'ar stralght truss wlth constant 

cross-section and three global translation degrees of freedom. The element shape is as 

shown In Fig. 2.2. 

,
~
 

Fig. 2.2 Reinforcing b'ar t]'uss e-]ement 

2.3.2 Modeling of Steel Girder 

The girder components conslst of steel plates, which form the main as well as lateral 
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glrders, and the studs. The structural modeling of these comp. onents is as described in 

the following sub-sections. 

2.3.2.1 Steel Plate 

The bilinear thick shell element (MARC element numbe;r 75) is used to_ slmulate the 

steel plates on both main and latera] girders. This is a 4-node, thlck shell element with 

global dlsplacements and rotations as degrees of freedom. The bilinear interpolation is 

used for the coordinates, displacements, and the rotatlons. 

V3 
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Fig. 2.3 Thick shell element 

2.3..2.2 Stud 

The studs, which are welded on both main and lateral steel girders, are physically 

represented by the 2-node beam elements as not only they are considered to be able to 

transfer the axlal forces but also they will resist the bending forces transferred from 

concrete to steel plate elements. 

ll 
,
-

/v (~l 

Fig. 2.4 Beam e]ement 

2._1.3 Physical Modeling of Interface between Concrete-Reinforcing bars, and 

Interface betvveen Concrete-Steel Plate 

2.3.3. I Concrete-Reimforcing Bar Interface 
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As the concrete and reinforclng bar are dlscretely modelecl with different elements, 

there Is a necess'ity In connectlng these two elements together. In thls res'earch, the 

concrete is linkeci to i'einforcing b2u' element vvith the sprin**a e]ements. Force in the 

spi'ing wlll stand for the Interface force while the displacement of spring will represent 

the slip on the interface. The constltutive law of this sprlng element will be discussed 

later in this chapter. 

V
 

Flg. 2,5 Concrete-reinforcing bar interface sprlngs 

2.3.3.2 Concrete-Stee] P]ate h]terface 

Sprlng elements are used to model the Interface between these conjolnln_~ materials as 

well. At each pa,'ticular couple nodes, there are 3 sprlngs linking the steei plate node to 

the aldjacent concrete node. One spi'ing is' fol' transferi'ing the foi'ce between concrete 

and steel plate elements in the direction normal to the Interface plane. The other two 

springs are used to simulate the friction forces on the interface plane. 

Fig. 2.6 Concrete-steel plate interf･ace e]ement 

After ciecided on the types of element to be used In representlng each components of the 

structure, the fL111 finite element structural model Is constructed by c',u'efully combining 

all of the elements together. However, with only the physical appearance of the structLire, 

the analysis cannot yet be started, The structural e]ements must be gi¥'en the material 
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properties　to　defhle　how　they　will　behave　ullder　the　particular　stressh、g　circumstances．

These　ma重erial　prol）erties　are　usually　assigned　to　the　elemellts　by　means　of　the

colls康L～εlve　1＆ws　o1●sa℃ss－sぴal111℃】adonshlps．Besldes，some　eleme111”ke　sPrl119

elemelltrequiresthepropertiestobei1、1）utilltermsoffol’ce－displacemem1’elatiollship．

Thematerialprol）ertiesofcollcrete，reillforcillgbar，steelplate，studs，alldhlterface

el6ments　will　be　discussed　ill　details　imhe　followhlg　section。

2．4Material　Modeling

To　obtahl　the　structural　respollses　from　the　fhlite　elemellt　allalysis，it　is　compulsory　that

the　material　properties　of　each　elelllellt　are　provlded　by　means　of　consti亡utive　laws，So

far　many　researches　have　been　conducted　ill　order　to　detel’mille　the　constitutive　Iaws　of

the　collstructioll　lllaterials．Some　are　provell　to　be　nlore　effective　thall　the　others　under

the　specific　situatiolls．However，there　is　stilhlo　a　univel’sal　generalized　collstitutive　law

thαtcallgovemalldgiveoutthecolTecけesultstmde1’allytypesofstresscollditiolls，

Thus　iεis　necessa1『y，especially　i11重he　case　of　the　analysis　of　a　relatively　llew　composite

structurehavillgsteelgirder－rehlfo1℃edcollcretepiercolllpositecomlectioll，toseal’ch

fortheapProP1’latecollstitutiverelatiollsllipthatcallaccul’ately（lescribethebehaviorof

thematerialsillfilliteelementallalysis、

III　this　section　the　material　modelillg　of　rehlforced　concrete　pier，steel　girdel・s，alld　the

modeling　of　the　behavior　of　hlterface　between　concrete－steel　plate　＆lld

concrete－reinforcillg　bal’are　described。

2。4。1　　Modd韮ngofReinfbrced　Collcreεe

Inthereah’einforcedcollcretestl’uctures，concretealldreinfo1℃hlgbarareactillg

togethel・as　a　composite　materials。The　hlteractioll　between　collcrete　and　reinforcillg

bars　has　been　known　to　play　a　great　roie　illfluenclllg　the　overaH　behavior　of　the

1・ehlforced　concrete　structures．Thus　ill　the　finite　element　analysis　where　the　disc1’etely

meshedmodeliscreated，thecollcreteεmd1『ehlforchlgbarelemenlshavetoberεしtiollally

comlected　to　each　othe1’．Generally，there　exlsts　two　well－known　behavioral　simulation

methods　of　the　concrete，reinfo1℃hlg　bar　and　their　lllteraction　which　are，one　that　is

based　smeared　crack　collcept，and　the　other　which　is　done　with　the　application　of　the

illterfaceeleme11重betweem『ehlfo1℃illgbaralldcollcrete，lmhefirstmethod，thecollcl閣ete
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and i･einforclng bar elements are assumed to be perfect]y linked to each other '.md the 

modijiczltions have to be made In the constitutl¥'e la¥vS of both concrete 'and relnforclng 

bar elements. In contrast, with the latter method, the constltutive relations hips of 

concrete 'and reinforcing bar are remained unchanged. But the other Interface element 

I~lith appropriate bond stress-slip relationship is needed to blnd these two main elements 

together. 

Both methods have their pros and cons depending on the type of sti'ucture being 

analyzed. Slnce there is no evidence statingr about the appropriate selection of reinforced 

concrete material modeling for this specific type of composite structure, it Is therefore, 

needed to search for the suitable model. To determine the most appropriate analytical 

concept for reinforced conci'ete pai't in this particular composite strL]cture, both material 

modeling methods are applied. The preliminary verification would be done by 

comparing the analytical results to the results obtained from the experiments conducted 

previously by Japan Highway Corporation and construction companies. 

2.4.1.1 Material Modeling of Reinforced Concrete with Application of Smeared 

Crack Concept 

2.4. I . I . I Introduction 

In the real reinforced concrete structures, concrete and reinforcing bar are working 

together to resist the externally applied loads. Typically, the concrete is designed to 

resist mainly the compressive stress while the reinforcing bar wlll help carry the tensile 

forces. Nevertheless, they, in fact, do work in combination. That means in compi~ession 

zone not on]y the concrete will resist the compressive stress but also the reinforcing bars 

located in the same region. This applies also in tension region, before concrete starts to 

crack the full composlte action does govern. But after cracking, the contribution of the 

concrete to tensile force bec,omes less as concrete looses its integrity. This composite 

behavior can be simu]ated by ,app]yin**(y the smeai'ed crack concept. SmeLu:ed cl'ack 

concept describes how the reinforced concrete responds the 'applied load after the stress 

In the concrete element re'aches the tensile strength. 

With smeared cr'ack concept, the constitutive laws of plain concrete 'as well as of bare 

bar are modified to be the averaged values. In addition, the concrete and reinforcing bar 

elements, which are modeled sepai'ately, would be assumed to be perfectly bonded at 
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the joining nocles . The modified constitutive laws of concrete 'and reinforcing bar will 

be described in the following,- ~.'ub sections. 

2.4.1.1.2 Material Properties of Concrete and Reinforcing Bar 

(a) Concrete 

Under Compressive Stress 

The stress-strain relationship of plain concrete element under uniaxial compression was 

derived based on cylindrical compresslon test data as shown in Fig. 7-.7. 

30 '~4~ ~~.~. ~~ 25 .c!~ 
~ 20 - 1(' 
"" 15 
" ~~ Io . 

ol 
o I ooo 2000 3000 4000 su'ain (nlicron) 

Fig. 2.7 Stress-strain relationship of c~ncrete under compressive stress 

Under Tensile Stress 

The behavior of the plain concrete can be categorlzed into 2 successive phases, namely, 

before i'eaching tensile strength, and beyond the peak tensile strength. Before the crack 

initiates in concrete, the concrete Is considered to behave elastically with the same 

modulus of elasticity as in elastic compression. However, after reaching the peak tensile 

strength, cracks are generated. This causes concrete to behave in totally different way 

compai'ed to the Isotropic material behavior considered in the earlier stage. Concrete 

starts to exhibit as it is allisotropic materia] with ,lo resistance to '.my forces in the 

direction normal to the crack plane. In reinforced concrete, however, since there. exlsts 

the reinforclng bar s'trengthening concrete while it is' sub.jected to tension, the crLlck 

concrete wlll be held in place and the uncracked part can still withstand some ten~.'ile 

force vvith a {.c'radualiy reducing stiffness'. This phenomenon is called "tension stit~fening 

effect" and can be described by a smeared crack concept. 
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Due to the tension stiffening effect, based on the smeared-crack concept, concrete is 

considered to be capable to withst.~nd the tensiie load ai'tei' its tensile strengt_h h'as been 

reached wlth a gradu'ally declining stlffness. In this research, the tenslon stiffening 

model proposed by Okamura [56] is adopted to simulate the behavior of the concrete 

under tension. 

In Okamura's model, the ci'acks are considered not to appear as soon as the magnitude 

of stress has attained the cracking level, but when the principal tensile strain reaches an 

upper 1lmit value. The limit strain usually ranges between 0.01% and 0.039;~0. In other 

words, it can be said that a certain amount of p]astic deformatlon is allowed to take 

place after cracking stress is reached. This upper limit is assigned to be twice as much 

as the tensile straln of concrete at the point where the splitting tensile strength of the 

concrete is just arrived. The constltutive model of concrete under tensile s'tress is as 

shown in Eq.2.1 and Fig. 2.8. 

a! = 'f' 8,,, 18f 

,~ t
~
 ,J 
u~ 
(,~ 
CL) 

~ i~ 
Cl) 

Cr'Lckin(T e,t' ;) ( :: ( "I 

Strain (e,) 

Fig. 2.8 Tension s'tiffening model 

Shear Retention 

After the concrete is cracked, it stlll can withstand the shear force exerted on the plane 

of crack with gradually i'educing sheai' stiffness. This is main]y contributed by the 

aggregate interlock and do¥ivel action. To slmulate this phenomenon, the she'ar retentlon 

model proposed by Bangash [ 1 I] is adopted. Bang'ash, proposed a linear relationship 

between shear resistance of cralcked concrete and the tens'ile strain normal to the crack 

plane which could be expressed as in Eq. 2.2. The shear retention factor p' by Bangash 

was adopted and multiplied to shear modu]us of uncracked concrete, G, foi' the new 

shear modulus (G]1e~v = ~'G). 
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･= = T~ 

¥vhere : 

T=!= : she',u' stress 

Y* : shear strain 

G : the shear modulus of uncracked concrete 

p' : the interlocking factor = I -(8J0.005)Kl 

8[ : the tensile strain normal to the crack plane 

Kl : parameter r'anges from 0.3-1 . 

Note : Kl was assumed to be equal to I so as to slmplify the analysis. 

(b) Reinforcing Bar 

In smeared-crack concept, not only the concrete but a]so i･einforcing bar element is 

assumed to have an average type of constitutive relationship. This modification Is done 

to compensate for the slip that is neglected in the model in order to ease the analytical 

complication, with the assumption that the perfect bond condition presents at the 

interface between concrete and reinforcing bar elements. Neglecting to modify the 

constitutive law of the reinforcing bar in analysis will flnally leads to the over-stiff 

response of the structure to the applied load. 

The modified constitutive law of reinforcing bar crossing the cr'ack which was 

developed by Shln [69] is adopted in this research. His model was developed by taklng 

into account some factors those are influential to the post-yielding constitutive law. In 

hls works, 140 parametric study cases were conducted. The results showed that the 

'average stress and average strain could be well related to each other in a bilinear fashlon 

having a cleai' offset point for the initiation of sti'ain halldening (yie]d sti'ess = f)" as in Eq. 

2.3). Beyond yielding point, f),, the straln hardening r'ate Is ass'umed to be held 

constantly at the modulus Esh. 

Esh = 100(f), - f_¥') K[j K), Kll Ka Kc Kk (2.3) 

W hei'e : 

E~ll = straln haldenlng I Ite In bl]Ine u stless stl un lel Itlonshlp of lelnfolcln~ 

b ar 

f), ~: O._5K),oKkofy 

Kl)= pxo 51)x 
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K),= (400/f),)o. I ( l]xll))')cosece 

o {)67 K11= (px/p),) ' , 

o,l K:1= cosece 

o 15 Kc= (30/fc') '~' 

Kk0= I for deformed bar, f), =yleld strength(MPa), 

Kyo = (O. I pxf),Ifc' )o 5~ 1 

px'P)' = relnforcement ratio in each direction, 

fL-' :compressive strength of concrete MPa. 

Before the first yielding occurred, it was assumed that the bar remained elastic with 

modulus of e]asticity equaled to its actual valL]e. The initial yield stress could be 

determined by considering the equillbrium of forces in the cracked concrete surrounding 

reinforcing bar element Eq. 2.4. 

llT). 

an~*' * A* 

Crack l)lane 

A* 

Fig. 2.9 Equilibrium condition of cracked concrete 

(O:l¥gc) Ac + ( fy ) As = (f),) As (2.4) 

Where; a nvg.c 
A
 c

 

As 

= ¥Jerage stress in concrete 

= Cross-sectional are'a of concrete 

i'einforcing bar element 

= cross-sectional area of reinforcing bar 

area surrounding a particular 

By solving Eq. 2.4, with the assumption of strain compatibility at the individual section, 

the concrete and reinforcing bar elements have an equaled average str'ain (8;lvg)' the 

Initial yleld stres s of concrete can be calculated as shown in Eq. 2.-5. 

f), i ( 1-Px))] / (px ) (2.5) = A~ f~" ~ (a 
t~'g.c 

W he re : 

*Note 

An, X., 

p¥ = reinforcement ratio (are'a of a reinforcing bar dl¥'ided by the areLl of 

concl'ete element sLirrounding this b',u'=1=) 

the surrounding concrete area was determined by using the method proposed by 

et al. [5] 
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The modified constitutive relationships of reinforclng bars are as shown in Flg. 2. I O. 

~ao -- -
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--A-- *k~ic-1'*rtb*[1)' 1'1~*li* " ~ 150 * *"2n~*lit*'tiv* l*+~' ~ T* 

~ oo i' l
 ~ ----50 Yielding 

o
 

o 5000 1 5000 l oooo 
st]'ain (micron) 

Fig. 2. I O Modlfied cons titutive relationship of reinforcing bar 

2 4 1.1.3 Application of Smeared Crack Concept 

Without taking into account the reduced stiffness of concrete and reinforcing bar, the 

slipping phenomenon of reinforclng bar on the surrounding concrete Is plainly omitted. 

After cracks are initiated, the concrete will be held rigidly in place by a non-britt]e 

reinforcing bar element as their node are perfectly bonded to each othell This wi]1 cause 

the I~)inforced concrete model become very stlff and eventually overestimated the actual 

behavior. Thus to take the advantage of reduction in number of nodes in the flnite 

element analysis, the smeared crack .concept has to be applled. 

The analytical procedures with the applicatlon of smeared crack concept wlll be 

described later in this chapter. 

2.4.1.2 Material Modeling of Reinforced Concrete with Application of Reinforcing 

Bar-Concrete Interface E]ements 

2.4.1.2.1 Introduction 

As an alternative to the material modeling of i'einforced conci'ete s'tructures based on the 

smeared cr',lck concept, the matei'ial modeling of i'einforced concrete can a]so be 

performed by Implementing the reinforcing bar-concrete interface elements. This 

interface element will simu]ate the bond stress-slip beha¥/10r '.rt the interf'acing 

boundaries of the concrete and i'einforclng bar e-lemenls. Thls type of material modeling 

is physlcally, closely res embled to the i'eal materia] behavior. The material modeling of 

reinforced concrete structure with the application of interface element is described in 
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thls palt beglnnlng wlth the explan<rtions on modellng of conclete lelnfoicln~ bai', and 

the interf'ace elements. The verification of this method of material modeling* ¥vith the 

experimental results, will be shown later along with the comparison to 'analytlc 11 Iesults 

obtained from the analysis based on the smeared crack concept. 

2.4.1.2.2 Material Properties of Concrete and Reinforcing Bar 

(a) Concrete 

The propertles of the plain concrete under the uniaxial compression stress condition, is 

obtalned straightly from the compression tests of the cylindrical concrete specimens. 

While under tensile stress condition, the concrete is assumed to behave elastic'ally until 

reaching the tensile strength. Beyond this point, the concrete element would be cracked. 

Therefore, the tensile resistance of the element in the directlon normal to the crack plane 

is assumed to drop down to zero. 

As the nonlinear finlte element analysis is of three-dimenslonal type, the element will 

be stressed by the forces in all directions. The properties of concrete under multi-axial 

stress state must be considered. In thls research the measurement of yielding of 

multi-axial state of stress, o.r the yield condition of concrete, proposed by Buyako~turk 

[16] is adopted. The yield criterion of Buyukozturk's plasticity model c',m be expressed 

in a general form as in Eq.2,6. 

J +paOJI +~JI -~ =0 (2.6) (T 

2 ~ J 
The parameter (Jo can be calculated by substituting the uniaxlal compressive 

strain-hardening curve obtained in experiments to the general form of ylelding criteri'a 

as stated in Eq. 2.7. 

(T ' 

3 ~/~ 3 ~~ 
The she~u' 1'etention factor proposed by Bangash is a]so adopted in this anLl]ytical 

method to retain the she',u' resis'tance of concrete atfter cr'acking. 

(b) Reinforcing Bar 
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Fol’reinfol’cingbε1r，tllemateriall）ropertiesisassumedtobeexplaillable

elastic－perfecdy　l）Iastic　stress－straill　relatlollshiI）　（see　Fig．2．l　l）　Yieldhlg

1・eillfo1℃ingbarisde詑ermilledbythe〉1ieldstre119重hvalueobtahledn・om芒he

strellgthtestimheexperimellts．

パ
．

（
ピ
）
の
の
①
』
あ

by　all

of　the

tellslle

Strain（β，）

Fig．2．11Elastic－pel’fectly　plast童c　constitutive　l’elatiollship　of　reillforchlg　bar

（c）DeveloPnlent　of　rRe董nfordng　Ba聖㌔Concrete　Interface　E旦eme璽lt

111thisphase，toconllectthecollc1’etetoIherehlforcillgbaユーelemelltsi1・thestruαural

model，theilltelfaceelelllelltisusedasallaltel’11ativemethodtotheapPlicatiollof

sme＆red　crack　concept．The　bond　stress－sHp－st1¶aill　model　p1’oposed　by　Shima［68］is

adopted　hel・e　because　of　its　genel・ality　as　well　as　its　accuracy．Sllima　shQwed　that　the

bondstress－slipidatiollshipishighlydepelldentolltheboundarycollditionsofthe

reillforchlg　bar　ill　the　concrete．He　foしmd　that　with　taking　illto　account　the　straill　in　the

reillforcemellt，the　accurate　relationship　could　be　satisfactorily　expressed．His　bond

stress－slip－straill　relationship　has　beell　verified　with　the　expcrimelltal　results　to　be

sufficientiy　generalized　and　accurate　for　applicatioll　in　most　analytical　cases．However，

ill　his　research，Shima　had　not　proposed　any　dedicated　elemellt　to　work　with　this

collstitutive　law　for　the　analysis　with　finite　element　metllod．Therefol’e，ill　order　to　apply

thisillte1’facepropertyhlfilliteeleme豊1tallalysisanintel弓faceelemelltcollsistillgof

springs　hl　three　di1・ections　was　developed　ill　this　research．In　additioll，as　the　bond　stress

derived　by　Shima　is　an　average　vakle　which　is　not　the　stress　occu1’s　exと1ctiy　at　the

surf三1ceoftherejllforcillgbar，thusintheanalysiswjththeproposedi1）重elfacee】ements

linkillg　the　rehlfol℃hlg　bar　to　the　adjacent　concrete　eleme搬，the　location　away　from

rehlfQrcillg　bar　surface　where　bond　stress　has　an　average　value　needs　to　be　determhled

andthesu1’faceareaatthislocationmustbeusedhlcomPutingtheaveragesprillgforce

alld〔he　stifflless．
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Since in thls case, the spring is used as the Interface element, the bond stress-sllp-strain 

relationship wi]1 be first converted to be in the form that can be directly appliecl as' 

splln~ s stlffness Then the fulthel dell¥Jltlon Is pelfolmed In cnder to clarify the 

ambiguity in Shima's expresslon about the loczltlon ¥vhere the 'averaged bond stress acts 

on. The bond stress-slip-straln relationshlp pi'oposed by' Shlma can be expressed as In 

Eq. 2.8. 

O.7_~f, ' (In( I + 5s))" 

T ~ (2.8) 

Where, 

T
 f

.
･
'
 

S
 
D
 

e
 

= I OOOS/D 

= verage bond stress 

= concrete strength 

= lip 

= bar diameter 

= strain 

In his research, the slip was defined to be, not the relative displacement between bar and 

concrete, but the displacement of the bar at the point concerned from the flxed point in 

concrete. This' definition was c.onsidered to be quite general because the relative , 

displacement (or slip) between the reinforcing bar and the concrete was independent on 

the condition of surrounding concrete whlch was usually deteriorated to some degree as 

the applied load was increased. The slip can be calculated as, 

f
~
 
8dx + So 

Where, 

So = free end slip 

xo = Iocation of free end 

x = Iocation of the polnt concerned 

Furthermore, the local bond stress at any locations a]ong the dlrection of an embedded 

bar i~.' proportional to the s'lope of the strain dis'tributlon curve at that point. ThuS at any 

point, the boncl stress T can be expressed as. 

ED d8 

4 dx 
(2. I o) 
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W h e re . 

E
 
D
 

d8 

dx 

= oung's modu]us of the biu' 

= bar diameter 

= lope of the strain distribution curve 

To implement the bond stress-slip-sti'ain relationship proposed by Shima into the 

interface element, the stress has to be initially converted to force acting on the specific 

reinforcing bar area. By multiplying the bond effectlve area to the bond stress, the bond 

force can be obtained, Eq. 2. 1 1 . 

f( 1) = ~ x Area (~_. I l) 
Where, 

f( I ) : average bond force 

~ : average bond stress 

' bond effective area A re a . 

By substituting the bond stress-slip-strain relatlonship (Eq.2.8) into the bond force 

equation (Eq.2. I I ), we can obtain the relatlonship between the bond force and slip at the 

Interface as shown in Eq,2. 1 2. 

O 73f, (In(1+5s)) xArea (2.12) f(1)=~xArea= ' ~ 
+8><l05 

Where, 

Area : bond effective area = kz 7c D L 

D : bar diameter 

L : Iength of bar element 

kz : bond-effectlve zone factor 

In oi'dei' to simulate the i'eal mechanism at the interface between concrete and steel bar, 

the spring element is used to represent this physical link. Therefore, in the analysls, 

there is '.', need for formulation of the stiffness of this interface s'pring. In this research, 

the stiffne-ss of the interface spring is derlved by, flrst]y, differentlating the bond 

force-slip-strain relationship shown in Eq. 2,12 with respect to the slip. It is as'sumed 

here that strain stays constant at each particular moment. 
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df(1) _ d [0･7_~f,'(In( 1+_5S/D))' Xk,nclL]l 

dS ~~~: * 1+8xlO 
(2. 1 3) 

Where 

f(1) 

By solving Eq. 

avei'age bond foi'ce 

2, I _~ the stiffness of interface spring (kN/mm2) could be obtained as; 

Kl's 0.73ft'xkzndL 15 
= x 

n(1+5~) 
x
 D+5S l+8xlO 

Where 

Khs : interface spring stiffness 

For the springs connecting concrete 'and bar elements in x and y directions, they are 

assumed to have the very high stiffness. This assumption is imposed so that the 

displacement compatibility between concrete and steel bar in transverse direction will 

be held in the directions normal to the bar surface. In this analysis, the spring stiffness is 

assumed to be 100 times of stlffness of bare steel bar. 

Kx)" = ( I OO) (Es) (TCD2/S ) (2 . 1 5 ) 

Where 

Kx)' : stiffness of the interface springs in directions normal to the 

reinforcing bar surface 

Es : modulus of elasticity of the reinforcing bar 

D : diameter of the bar 

S : slip on the relnforcing bar-concrete interface 

In the actual application, the interface between the concrete and reinforcing bar is 

simt]]ated by using the spring e]ement to link reinforcing bar node to the adjacent 

concrete node. Howe¥'er, the bond stress derived by Shima is an a¥rerage value that is 

not the stress occurs' exactly at the surface of the reinforcing bar. Thus, in the analys'is 

with lhe pl~oposed interl~lce eJement linking the i'einforcing bar to the ad.jacent concrete 

element, the location away from the relnforcing bar surface where bond stress has an 

average value needs to be determined and the surface area at thls locatlon must be used 

in computing the avei~age spring force and stiffness. 



24

InordertodeterminethelocatiollwheretheaveragebondsU－essactsupon，itisassllmed

thatatthemomentthecollcretestartstocrack，therein£orcingbarsectio1110catedon

that　cracking　Plane　yields　immediately。Based　on　this　assumption，the　maximum

surrounding　concrete　area（Ac，，，ax　in　Fig．2．B）tれat　initiates　this　phenomenon　can　be

C乱ICU1ated　as，

Acmax義二As　fy

　　　　　　　　Ag　fy

Acmax＝
　　　　　　　　　f［

（2．16）

Where

　

A
勾
長

sectional　area　of　reiaforcing　bar

yieldstressofrelnforcingbar

tensilestrengthofcollcrete

This　derivation　is　similar　to　the　calculatioll　previously　introduced　by　An．，X　et　a1．15】．

Furthermore，if　this　maximum　s皿rounding　concrete　area　is＆ss目med　to　be　of　a　circular

shape＆nd　the　bond　stl●ess　distribution孟n　radial　direction　f正・om　the　reinfo1・cing　bar　axis　is

assumed　to　be　oftriangqlar　shape　as　shgwu　in　Fig．2．13，the　s皿face　area　that　the　average

bond　stτess　acts　upon　will　be　larger　than　the　surface　of　the　reiuforcing　b＆r　on　where　the

intelfaceelementexistsbytheratiokz（bond－effectivezonefactor）asexpressedin

Eq2．17．By　substituting　the　bond－effective　zone　factor　into　Eq．2．14，the　average

stiffnessforinterfacesp血gthatisnecessaryintheanalysis，canbecalculated。

　　　　　　　　　　　　　　　　　　　　　　　　　　kzニRavg／Rba『二嘉　　（2・17）

Where

R
　avg　　』

Rba1・

F
y
F
t

distance　from　the　axis　ofreinforcing　bar　to　the　surface　whe1・e　average

bondstressactsupon

radiusofthereinforchlgbar。

yleldstrengthofthereinforciugbar

te【1sile　strenσth　ofconcrete
　　　　　　　　　　o
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Fig. 2. 12 Yielding of reinforclng bar at 

crack plane 

RI]1(Lx 

bond s' trcs'r = (] 

l
 
I
 I ~*+" R I ,* 
=f~ J3 +J~z~... 

Fig, 2. l_3 Stress distributlon on bOnd-

effective zone 

Since the assumption that the steel will yield immediately is applicable only before the 

cracking of concrete's bond effectlve are'a takes place, after cracking, it is, again, 

necessary to revise the bond effective zone factor (kz)' In this research, the recalculation 

of the bond effective zone factor is done based on the consideration that when the first 

crack is initiated in the concrete element, the concrete will loose its integrity to some 

degree. The stress tr~insferred from reinforcing bar to the cracked concrete element will 

be spread less widely than the initlal bond effective area due to the deterioration of the 

Interface, causing the reduction in the bond effective zone factor. The modifled bond 

effectlve zone factor is formulated by assuming that after the strain in the reinforclng 

bar (whlch is nearly compatlble with concrete strain before cracking) reaches the 

.maximum tensile strain of concrete (8.-*), the bond.effective zone will be 1lnearly 

decreased from the origlnal value until the str',tin in relnforcing bar, which is connected 

to that concrete element, arrlves the yieJding limit (e),). At this yielding state, the bond 

effective zone factor is assumed to be equal to l. It means that the bond stress will 

concentrate In a smaller region. The bond can hardly be distrlbuted to the remote area as 

the concrete has lost the integrlty due to cracking, Fig 2. 14. 

k.=*, 

1
 

Bond c{lcctlve zonc iactor, kz 

re i nforc i ng bar 

s trai n 

8cl 8<. v 
Fig. 2. 1 4 Linear reduction in bond effective zone factor after concrete cracks 
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Fig. 2, 1 5 Plot of the bond effective zone factor verSus the strain in reinforcing bar 

2.4.1 .2.3 Verification of Finite Element Analysis with Application of Reinforcing 

Bar-Concrete Interface Element 

Since the reinforcing bar-concrete interface element is newly developed in this research, 

it Is necessary. to verify the appllcability of this element before putti.ng it In the real use 

in the full model finite element analysis. The verli'icatlon of the reinforcing bar-concrete 

interface element was performed by applylng it to slmulate the behavior of the 

reinforced concrete specimen tested by Shima. The experimental data acquired was 

from the pLlll-OLlt test serles of the reinforced concrete. The speciflcations of the test 

specimen are as shown in the Table 2,1 and Fig. 2, 16 

Table 2. I Specification of specimen in pull-out test serles of Shima [68] 
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Castingl direction 

~
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Ioacded end slip 

Fig. 2. 1 6 The pull-out specimen tested by Shima 

The three-dimensional arbitrary distorted cube (MARC element N0.7) was used to 

represent the concrete, while for the reinforcing bar, the three-dlmenslonal truss element 

(MARC element N0.9) was applied. The fixed-displacement boundary condltion was 

appli,3d at the concrete elements suri'Qunding the reinfoi'cing,bar elements on the loading 

side. Similar material properties of concrete and reinforcing bar as described in this 

section were assigned to the concrete and reinforcing bar element, respectively. The 

spring elements were applied to connect the reinforcing bar nodes to the adjacent nodes 

of concrete elements. Constltutlve law of this interface spring was as derlved in this 

section. Then the stepwise monotonic load was applied. The analytical result is shown 

in Fig. 2. 1 5 In terms of bond stress-slip relationship at the dlstance 2D from the free end 

of the specimen. 

It could be concluded based on the comparison between analytical and experlmental 

results that, the interface eiement shows a comparable trend in prediction of the bond 

stress as vvell as slip to that obtained in the experiment conducted by Shima. The 

calculated relationship shows 'a less stiff beh,,rvior after the cracking of concrete Is 

initiated. This might be due to the impei'fection of the assumption thLrt the i'eduction of 

bond effective zone factor Is linearly decreased from the initial ¥'alue immediately after 

cracklng, to be equal to I at the yielding of reinforclng bar. However comparing to the 

app]ication of constant bond effective zone factor from the begimling throughout the 
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analysis, the case of using decreasing factor clearly shows better trend in prediction of 

the bond stress'-slip relationship. 

2.4.2 Material Modeling of Steel Plate and Stud 

So as to reduce the complication in the complicated three-dimensional nonlinear 

analysis, the steel plate elements are assumed to behave as an elastic-perfectly plastic 

material. The ¥'on Mises yield criteria was used to simulate the yielding surface of these 

metallic material. The constitutive relationship Is as shown in Fig.2. 1 7. 

A Stress (a) 

oy ~...... 

<･････････････ ･････････････:~ 
Strain (8) 

i oy 

~
 

Fig. 2. 1 7 Constitutive relationshlp of steei plate and stud 

Aftei' all of the mechanical chai"acteristics of the m'ain construction materials, namely 

the reinforced concrete and the steel girders, 'are modeled, the next task is to link this 

reinfoi'ced concrete pier and the steel girders together. The detailed expianation about 

how to put these two main structural components together in the flnite element 'analysis 

will be explained in the following section. 

2.4.3 Development of Steel Plate-Concrete Interface Element 

2.4.3.1 Introduction 

At the connection region, the reinforced concrete pier is rigidly cast in the steel glrder 

case (in the case of ma[n with lateral girclers' added on), or fully covers a simple girder. 

The composlle action between these two primary s~ubstructures is us'ually assumed in 

the analysis to be of a perfect-bond condition. This analytical Llssumption migilt be true 

if the reinforced concrete pier is perfectly encased by the strong steel girder with lateral 

girder having stt]ds shear connectors welded on. However, in some cases where these 
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rlgidity enhancing components are not a¥'ailable, Iike when on]y a main girder is 

designed to be embedded in the reinforced concrete pier, the slip between reinforced 

concrele 'and steel girder wou]d be too considerable to neg]ected in the analysis. Thus in 

order to construct an accurate finite element analytical model that can handle the 

cLtlculation of both cases, the Interface element is developed. 

2.4.3.2 Steel Plate-Concrete Interface Property and Development of New Interface 

Element 

In this phase, the steel plate-concrete interface property proposed by Yonezawa [80] was 

adopted because of its confirmed accuracy and the simplicity in application. Yonezawa 

derived the concrete-steei p]ate intei'face properties based on the results from series of 

experiments he conducted. His main objective in researching for the interface property 

is to apply It in the finite element analysis of the structures having the steel plate being 

in contact with the concrete. Some inflL]ential p'arameters taken into account in the 

derivation of interface property are, the confining force, the compressive strength of 

concrete, and the thickness of the interface element. He, eventually, came up with the 

relationship between bond stress and sllp at the interface between concrete and steel 

plate. 

Table 2.2 Detailed formulation of steel plate-concrete interface property L80] 

Springs in the direction norn]al to the interface 

1 .Under compressi ve normal stress 

Assuming that under compressive stress, the 
interface is as rigid as steel pl'ate, thus 

Ku = ('-O0.000A) per unit length 

2. Under tcnsile nornlal stress 

an = (0.04 Fc / 0.05)6h 

a'l (A)= (0.04 Fc / O.O5)A8h 

Fn = (0.04 Fr / 0.05 )A6w 
ThuS tlle sliffncss of spring in lhis direction is 

(O.04 F~ / 0.05)Ah Kn ~ 
Whc[~e a,* : st['ess in 'he direction normttl lo the 

interi~lce (N/mm2), Fc : compressi¥'c su-cngth ol' 
. .

 concretc (N/mm~) A : ef'lbcli¥'e arc'a (mm~). F ' 

rorce in lhe direclion normal to lhc intcrl'acc (N). 

6 : slip (thc dci'orm"aiion oi' the sprin~. mm). K ' 

* n ' Stil'i'ncss ol' sprin~1 in Lhc direction normal lo thc 

interl'acc (N/mm). h : ¥'irlual thickncss of' Ihe 

i nlcrrtlcc c]emenl 

Springs in the direction tangential to the interface 

l . Under compressive normal stress 

[when ; at ~ 0.65(J,,] 

Fl = (u,, CFn / O.02)A6h 

Kt = (~I] am / 0.02)Ah 

[¥~'hen; (~t ;Z 0.65(Jn] assuming lhall the stress 

keeps conslanl v~'hi]e slip increases infinitely 

Fl = 0.65 On Ah 

Kt = O 
2. Under tensile norma! slress 

I ~vhcn : a! ~ ()'04a,,1 

= (un a,, / O.02 )A6h 
F
l
 K
~
 = u,* (5,* / O.02 )Ah 

lvL*hcn at ~ ().(~5cinl 

Pl = O 
K, = * 

Wherc Ft : force in the ciircction lan~cnlial to lhc 

inlerface (N). Kl : s'tirl'ncss in lhe direction 

t.an~enlial lo thc inleri~ace (Nlmm) 
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The detailed formulations can be divlded into 2 parts those are, first, the formulation of 

interface property in the direction normal to the interftlce plane, ancl the other is the 

formulatlon of Interface property in the dlrection tangential to the interface plane. The 

summary of detal]ed formu]atlon of Yonez'awa's interf.ace property is Lts presented in 

T'able 2.2. 

To implement this property into the finite element analysis. Yonezawa had developed 

lhe interface element that was of rectangular shape with four corner-nodes. As the 

thickness of the interface element was unknown, he conducted the p'arametric study to 

find the effect of thls influential p'arameter. Flnite element program was used in his 

parametric study. He found that the appropriate values of the thickness that should be 

used in the analysis, shOuld not be less than 0.001 mm, or else the finite element 

analysis would be prone to numerical difficulties. However, as this virtual thickness has 

no physical meaning and no specific value has been clearly suggested, it may cause 

so~lle difficulties as well as the ambiguitles in flnite element analysis of steel 

plate-concrete composlte structure. Therefore the new interface element is developed in 

this research so as to eliminate these problems. 

A three-dimensional spring element is used to represent the interface between concrete 

and steel plate. Since the spring e.lement itself has no dimension, the difficulties in 

choosing appropriate value of the virtual thickness of the interf'ace element will be 

removed. A11 the thickness factors present in formulae derived by Yonezawa are then 

normalized. TllLIS the virtual thickness "h" is diminished out from the expression for 

properties of the three-dimensional interface spring. 

The formulation for the concrete-steel plate interface property and the derivation of the 

stiffness of the interface element, are as illustrated in Table 2.3_ . Whl]st the formulae 

look essentially similar to those presented by Yonezawa, it should be noticed that the 

variable representing the virtual thlckness has rationally been taken away. 

Tc'ns-ilc N'o['mul s lres~' an T*>nsilc Nor]llill slres~ all colnl)ressi vc Nonnnl sl['es~ an 

Friclion strcss at h~]iclion sl]-e*. s al 
K,, = ( o 04F*/o 05) 11 (11 = o.(,5an ""-'-' al = o(]4an ....... 

slil)( f nm' ~~i 1*; ~ K, =(~,, an/002) ~ K, = i~1,,an/o.o~, 

o 02 slil)(mm) slil)(mlll) 

Flg. 2. 1 8 Bond stress-slip relationship of interface element 
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Table 2.3 Formulation of concrete-steel plate interi~Llce propei'ty 

Springs in the direction normal to the interface 

{ .Undcr comprcssi¥'e normal stress 

Assumin~ Ihal under comp]'essi¥'e stress, the 
inlerfacc is as rigid :Is sleel plale, thus 

Kn = (200.000A) per unit length 
2. Unc]er tensi]e normal stress 

(5n = (0.04 Fc / 0.05 )6 

O:n (A)= (0.04 Fr / O.O_5)A5 

Pn = (0.04 Fc / O.O_5 )A6 

Thus the stil'{hless of' s pring in lhis direclion is 

K,] = (0.04 Fc / 0.05)A 

Where (;n : s'lress in the direction normal to 
interface (N/nlm2), Fc : compressi¥'e slrenglh 

concrete (N/mml). A : ef'fective area (mnl~), 

force in lhe direction normal to tlle interl'ace 

6 : slip (lhe deformallion of the spring, mm), 

Stii'fhess of sp]'ing in the direclion normal lo 

inlerl~ace (N/mm) 

lile 

of 
F
,
*
 
:
 

(N), 

Kn : 

lhe 

Sl]rings in the direction tangential to the interface 

l . Uncier conlp. ress'ive normal stress 

[when: (5t ~ O'65a,]] 
F
t
 = un al] / O.02)A6 
K
t
 = ~1,, an / O.02)A 

[when; (5:1 ~ O.6-5an] assuming lhat the slress 
kceps constant while slip increases inf'initely 

Fl = 0.6_5 at* A 

K1 = O 
2. Undcr tens'i]e normal stress 

[when; (51 ~ o'O4anJ 

F[ = (un an / 0.02)A8 

Kt = (un a,* / 0.02)A 

[ when; at ~ O.6_5(;nl 

F1 = ( ) 

Kt ::: * 
Where Pi : force in lhe direction lanaential lo the 

interface (N). Kt : stilfness in tlle direction 
tan~ential to the inlerfacc (N/mm) 

2.4.3.3 Verification of Steel Plate-Concrete Interface Element 

The confinnation of the applicability of the interface element developed in this research 

was done by implementlng the interface element into the finite element model of steel 

plate-concrete composite specimen. The representative specimen was chosen from the 

series of experiments conducted by Yonezawa [80]. The steel plate-concrete composlte 

specimen is as shown in Fig, 2, 19. 

p, ushing l~)i-ce 

;.~~(:[amping force 

~f 
COl~fi llillg ibl'CC 

Fig. 2. 1 9 Specification of the specimen tested for the steel plate-concrete 

interface property by Yonezawa 
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In the finite element analysis, the concrete and steel plate are simulated by the 

three-dimensional arbitrary distorted cube (MARC element N0.7) and the biline'.u' thick 

,~hel] element (MARC element N0.9), respeclively. The properties of both materials 

used in this finite element analysis are as described in section 2.4. I ,2.2. 

The three dimenslonal springs ,are used to connect the steel plate nodes to the adjacent 

concrete nodes. The steel plate nodes are, therefore, retained in all translation directlons 

(x, y, and z) by concrete nodes and vice versa. The derived spring stiffness is inpL]t 

tl-]rough MARC subroutines (USPRNG and IMPD) Into the calculation. It is noted that 

the area that is used to compute the stiffness of interface element is defined to be the 

summation of a quarter of the areas of plate elements surrounding that particular plate 

node as iliustrated in Fig. 2.20. 

Fig. 2.20 Nodal area for calcu]ating the stiffness of interface 

Anode = (A l/4) + (A2/4) + (A3_ /4) + (A4/4) (2. 1 7) 

Where 

Anode : the total steel p]ate area on which the nodal force is acting 

Al, A2, A3 and A4 : the component areas located on plate e]ement numbei' 

1 ,2,3 and 4, respectively 

For the boundary condltion, the fixed translation condltions are imposed at the end of 

concrete biock. In addition, before the first pu]ling Joad step starts, the c]amping (or 

confining) pre.ssure of magnitude 822 MPa is applied onto both plates. Then the 

stepwise pulling load is applied at nodes loc'ated at the end of both plates. Thls 

displacement and mechanical boundary conditions are illustrated in Fig.2. 1 9, 

The analysis is verified by comparing the analytical results to the experimenta] results 

obtained by Yonezawa. By means of the re]ationship between the interface bond stress 
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and sllp, it can be deduced that the analytical simulatlon with the 'application of newly 

de¥,'eloped interface element c'an predict the interface behavior very closely to the real 

behavior. Therefore, it Is concluded here thal without having to assume the virtual 

thickness of the interface element as in Yonezawa's analysis, by using the proposed 

steel p]ate- concrete intei'face element, the behavior of the interface can be 'accurate]y 

pre,dicted. 
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Fig, 2.2 1 Veriflcation of application of interface spring element 

2.5 Finite Element Analytical Procedures 

After having made the structural model, determined the properties of all materials, and 

assigned the propertles in tenns of constitutive law to all elements, the next step is to 

conduct the an'alysis based on the finite element method. The analytical program 

utilized throughout this research is MARC analysis package. In this analysis package, 

the input information is divided in to 3 main pai'ts, those are the input of the Llnalysis 

parameters, the input of model definition, and the input of loading history. 

In the first part, input of 'analysis parameters, the sizing of workspace is specified. T~en 

the key Information Such as the element type (element number), numbers of applied 

10ads, and the numbers of defined sets of nodes and elements, are s'pecifled. 
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The connectivity among elements and coordinates of every nodes are registered in the 

second part, model deflnitlon. In addition to these geometrical data of the structui'e, the 

fundamental material properties along with the boundary conditions also have to be 

listed in this part. 

Up to this stage, MARC acknowledges the physical layout and mechanical properties 

the elements. The program is now ready to accept the input of apply loads and proceed 

the analysis. Further modification to the basic input in the main input card can be 

performed by accessing the source program through the particular subroutines. The 

finite element analytical proc~dures adopted in MARC can be illustrated by the 

flowchart in Fig. 2.22. 

CONTROL ~
F
 

PARAMETER INPUT 

MODEL DEFINITIONS 
PRE-PROCESSING 
(with MENTAT) 

MESH GENERATION 

LOAD INCREMENTATION 

POST-PROCESSING 

Fig.2.22 Flowchart of finite analytical procedures in MARC analysis package 

In this research, some nonlinear properties of materials are input through and calculated 

in the s ubroutines, namely, USPRNG, USHRET, and IMPD. The functions of these user 

subroutines provided in MARC are; 

USPRNG : for defining the user preferable stiffness of the springs. The 

stiffness of the reinforcing bar-concrete as well as steel plate-concrete interface element 

are ciefined in this subroutine. 

USHRET : for deflning the shear retention factor of the concrete element 

IMPD : this s'ubroutine is used not as directly to input the material 

propei'ties like USPRNG and USHRET subroutlnes. It is used to store the resultant 

strains and stresses coming out at the end of the current loading increment to be used at 
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the beginning of the next loading increment. This is to sol¥'e the numerical difficulties in 

the nonlinear finite e]ement Lmalysis of lhe complicated structure~.' Iike the one~,' 

analyzed in thls research. The works done by the IMPD subroutine are- : 

1) Storing the final displacement data at the end of the current loading 

increment. This dlsplacement data will be converted to be the strain in reinforcing bar 

that will be vsed in the calculation of the stiffness of reinforcing bar-conci'ete interface 

element. It is because the stiffness of thls element is dependent on the strain in 

reinforcing bar in addition to the dependency on the slip as deflned by Shima. (Eq.2.8) 

2) Storlng the slips of the reinforcing bar nodes iocated at the interface between 

reinforcing bar and concrete elements in terms of nodal displacements. This value will 

be used again at the beginning of the next loading step. 

3) Storing the normal and frictlonal forces acting on the nodes of steel plates. 

These foi'ces will be used in the consecutive loading increment to detei'mine the 

stiffness of steel plate-concrete interface element. 

Some nodal data which cannot be directly acquired by IMPD subroutine, SLlcll as the 

normal and frlctionai forces acting on steel plate nodes, will be transferred from the 

subroutine USPRNG via the common blocks to IMPD. This is to assure that the data to 

be reused in the next increment are the final values obtained at the end of the current 

lo'ading incremel)t. . 

2.6 Preliminary Verification of Analytical Methodology and Selection of Suitable 

Reinforced Concrete Material Model 

After constructing the structura] model, the material properties that also have already 

been dei'ived, are assigned to aJl eJements in the model. Then we can now start to 

conduct the ana]ysis based on the flnite element procedures. To check whether the 

proposed analytical methodology is valid, ･at the primary stage, the method is applied to 

simulate the response of the structure consisting of steel girder-relnforced concrete pier 

composlte connection sub.jected to the extern'al load. The structure selected to be 

analyzed is one of the composite connection specimens tested by jap',m Highway 

Corporation and cons'tructlon comp',mles [41 J. The design specification of thls specimen 

is as shown in Fig. 2.2-3. 
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Fig.2.24 Finite element meshes of stee] gii'der-relnforced 

concrete pier composlte connection specimen 

The finlte element structural model of this test specimen is illustrated in Flg2.24. In 

order to separately account for the effect of each structural component, the structural 

model was discretely meshed, The structural components thos'e are, concrete, 

reinforcing bar and stirrup, steel plate, and stud, are represented individually by the 

different types of element. The 8-node three-dimensional arbitrarily distorted ~ube 

element (MARC element N0.7) is used to simulate the concrete material. The 
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reillfol’cingbarsincludingbothsti1・rupalldlongitudh・alolleal’ereprese亘・tedby2－110de

lhree－dimellsiollal　truss　elemem（MARC　elemellt　No．9）while　the4－node　thick　shell

elemellts（MARC　elemellt　No．75）are　used　to　shllulate　the　steel　plate．The2－node　beam

element（MARCelemelltNo．14）isusedtol’epreselltthestud．

Due　to　the　symmetry　of　the　structure　along　the　mlddle　plane（ill　this　case，on　the　p呈ane

normaho　y－axis），a　half　l）hysical　fillite　elemellt　model　was　collstructed・．The　boulldary

conditiolls　consist　of　disp1αcemellt　as　weH　as　mechanical　boulldary　conditiolls．Those

conditionimposedbefqrethebegimingofthecalculationto出estructuralm・delare，

　　　　　　　　1）Displacement　boulldary　conditions：the　fixed　displacemellts　oll　the　half

plane（the　plane　havlllg　Ilormal　vector　along　y－axis）。Nodes　Iocated　on　this　plane　was

co：lslderednotbeabletotranslateiny－dh’ectiollalldllotabletol◆otateaboutx－and

z－directions，AtthesupPol●t，thetrallslatiollsillalldirectiolls，mmely，alollgx一，y一，and

z－dh－ectiollsareessellti＆llyprohibited．

　　　　　　　2）Mechallical　boulldary　collditiolls：these　boulldary　collditiolls　a1－e　used　to

simu！ate　the　Ioadillg　applied　to　the　structure．Tlle　distributed　Io＆d　is　illitiaHy　applied　on

the　surface　of　the　top　elemellts　by　usillg“dist　Ioad”fullctioll。Then　this　load　is　kept

constallt　while　the　horizolltal　lo＆d　is　illcremelltaHy　applied　via“poillt　load”function

throughouttheallalysis．

As由is　preIlmhlary　allalysis　is　also　conducted　to　aid　the　seiection　of　the　more

al）propriate　mate1・ial　model　of　reinforced　concrete　between山e　smeared　crack　concept

alld　the　analysis　with　the　application　of　the　l’eillforcing　bar－concrete　illterface　elelnellt

explailledillsectioll4，1。lalld4。L2，0rderly，bothmatel●ialmodelsofrehlforced

concrete　are　applied　hl　two　separated　allalytical　cases．The　study　case　l　and2a1閣e

collductedtoverifytllel’esults負℃mthefilliteelemenξallalysiswi亡hapPlicationof

smeared　crack　concept　and　from　the　fhlite　elelnent　allalysis　with　application　of

l・eillforcillg　bal、concrete　hlterface　elemellt，1’espectively．The　way　that　the　reinforced

collcretematerialpropertyisformulated，isasdiscussedprio1’yillsectio114、1．1alld

4．1．2and　it　wm　not　be　restated　here。0111y　the　results　from　the　analyses　with　both

conceptsal’eexplah・edandbasedondle丑esul亡s，themoreaPpfopl’iatemodelingof

reillforcedconcreteinthestructul’econsistingofsteelgirder－rεinfoi’cedcollcl’etepier

compQsitecomlectiollisdetemlhled，

Having　finished　constructing　structural　model　as　well　as　assiglling　the　material

Propertiestotheelelllellts，thedistributedloadisthenapPlled、ltiskel）tcollstalltulltil



-~8 

the end of analysis. The horizontal load is applled to the structure monotonical]y with 

the n]aximum i0LId tlsSumed beforehLu~d to be 150 kN. Howe¥'er, this v,~lue mil)J not be 

reached in some c'ases due to the fallure of material prior to arriving this pre-specified 

ultimate load. For the convergence testing, the displacement criteria (N0.1 , in MARC 

control card) was used. The maximum allowable value of the change in displacement 

Increment divided by the displacement increment default was set to be not greater than 

15 percents. The stepwise increment of this horizontal applied load is programmed via 

the "auto Inclement" functron The analytical package will automatically choose the 

amount of load increment accordingly to the control parameter reglstered by the user. It 

should be noted here that, all of the mechanical loads are applied in the increment next 

to increment zero as. it is required by the package that at the initial increment, the 

analysis must be within an elastic stage, both geometrical and material nonlinearities are 

not al]owed to occur in this inltial stage. 

The results from the analysis case I (smeared-crack concept based) and case 2 (with 

interface element) are shown in terms of the load-displacement relationship, and 

load-reinforcing bar strain relationship in Fig.2.25 and 2.26, respectively. 
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Fig. 2.27 Modified constituti¥/e law of reinforcing bar 

It can be seen that before concrete cracks the analysis can predict the behavior of 

structure quite accurately. However, some discrep'ancies can be observed beyond this 

cracking point. The behavior predicted by analysis based on smeared crack concept 'and 

with the application of the reinforcing bar-concrete interface element show a good 

agreement with the experimental results. Nevertheless, the smeared crack based analysis 

cannot simulate the behavior of sti'uctulle coi'rectly aftei' the yielding of i'einforcing bai~ 

takes place. This is expected to be due to the imperfection of the modified constitutlve 

law of the reinforcing bar. To check if this speculatlon is correct, the additional three 

compau'atlve an'alytic'al cases having different constitutive laws are conducted. In these 

three cases, the initial yielding stress is modified to be different from those calculated 

by Shin's method. The modified constitutive laws of relnforcing bar in all study cases 

are as shown in Fig2.27. The initial yield stress is alternated to be f}, :: 26_~.6, 380.7 

(same as the actual yielding stress of the reinforcing bar), and 23.7 MPa in case l, '_, 
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and _~, respectlvely. The stiffness of the reinforcing b'ar after passing through the initial 

yielding polnt ( E,h ) is calculated by using the equzttlon proposed by Shin (Eq.2.3). The 

same ana]ytical procedures were foJlowed and the results of these 3 cases are shown in 

Fig. 2.28 and Fig. 2.29. 
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Fig. 2.29 Load-relnforclng bar straln relationship 

It can be clearly seen that by using the constituti¥re law of reinforcing bar proposed by 

Shin, the structure behaves more stiffly compared to the experimental result which is 

nearly similar to the resu]ts from comp',u'ative case 2, where the ',lctua] elastic-perfectly 

plastic model ¥vlth actual yield point is applied. However, when the yie]d stress of 

reinforcing bar is assumed to be 26_~.6 MPa in comparative case I (obtained by trial and 

error), the analytica] prediction shows quite comparable result to the experimental data 
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both in the elastic and ine]astic ranges. For case 3, where the minimum initial yield 

stress (defined in Eq.2.-3, fy = 2-~.7 MPa) was used, the stiffness of the entlre siructure 

als well as the rate of change of strain in reinforcing bar becomes obviously lower. 

Therefore it can be concluded that the modification of initial yield stress and the 

post-ylelding stiffness can greatly affect the predicted behavior of the structure. In 

addition, it can be deduced that the constitutive relationship proposed by Shin is not 

regarded as the generalized model. 
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Fig.2.-30 Load-deflection relationship from finite element analysis with application of 

reinfoi~cing bar-concrete interface element 
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Fig.2.3 1 Load-bar sti'ain relationship from finite element analysis with application of 

reinforcin{~ bar-concrete interface element 

In contrast, with the application of reinforclng bar-concrete interface element, the 

Lulalysis gl¥'es out a c]oser behavioral predictlon than the one which Is basecl on the 

s meared crack concept. Fig.'-.~-0 and 2.31 , especlally in the load-reinforcing bar straln 

relationship after yielding of reinforcing bar occurred. The real constitutive law of the 

reinforcing bar and concrete can be used straightly without having to be modified. 
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However　it　should　be　noted　that　the　calculation　time　is　noticeably　increased　whell　the

reinforchlgbar－collcretehlterfaceele11・emlsimpleme1質edilltothemodelasthedegree

ofllol11illearityisgl℃atlyincreased。

Based　on　this　comparisons，it　ls　suggested　that　the　analysis　with　the　apPlication　of　the

蔓）roposedrelnforci1・gbar－collcreteillterfaceelementsho騨ldbeusedhlallalyzingtlle

structureconsistillgofsteelghりder－reinforcedcollcretepiercompositecomlection，asit

isprovedtobemoregeneralizedthanthea1・alysisbasedonsmearedcrackconceptill

where　the　accurate　modified　collstitutive　law　of　re玉nforcing　is　stili　not　available．

Therefore，hereafter　hl　this　research，the　fillite　elemellt＆nalysis　with　the　applic＆tion　of

reinforcillg　bar－collcrete　孟nterface　elelllellt　is　used　for　silllulathlg　the　behavior　of

reinforcedconcretepartinthestructure・

Regardingtheperforlnance・fthestee1Plale－concreteinterfaceelemellt，accordillgto

the　comparison　betweell　analytical　alld　experimenta墨results，it　is　obvious　that　the

applicatioll　of　this　interface　elemellt　improves　the　accuracy　of　the　pred呈ction．The　plot

between　loa（i　alld　the　prillcipal　straiu，Fig2。32，i11ustrates　that　with　the　applicatioll　of

thesteelplate－collcreteillterfaceelemei・t，t紅echεmgeillstrainduetotheslipoccurrillg

at　the　interface　between　the　concrete　and　the　steel　girder　could　be　predicted　mol℃

aCCUr＆tely、
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2.7 Behavior of Structure Consisting of Steel Girder-Reinforced Concrete Pier 

Composite Connection 

By using the proposed analytical method, the behavior of the connection is visualized. 

Some important parameters, which can hardly be obtained In experiments, can be 

obtained in the analysis. From the preliminary analysis, the dlstributions of forces 

within the connection are slmulated. This is done in order to get a rough idea on how 

the forces are transferred from one connection components to the others. 
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Fig. 2.33 Distrlbution of normal reaction force on 

concrete sections located within connection 

Fig.2.33 shows the normal reaction forces on concrete elements located at the faces 

named SIDE A I . A2, A_~, and A4 (the reaction forces that equilibrate the forces exerted 

on concrete element by the surrounding elements adj･acent to the faces being 

considei'ed). It polnts up th･at compared to the sections located farther from the main 

gircier (C, D, and E), the stresses on the sections locLtted at the ¥'icinity of the main 

girder's flange (A, and B) are more intensive. Therefore, it can be deduced that, in ihis 

type of speclmen, the force transferred from the glrder Is not well spread throughout the 

reinforced concrete part in the connection. 
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In　the　real　constmctio11，the　width　of　the　concrete　pier　ls　usually　desiglled　to　be　much

wider　thとm　the　width　of　the　maill　gil噛deガs握ange。Therefore，il1ξhe　case　that　the

magnitudeofforcesapPliedtothegirdel噛isexcesslveiyhlgh，whilethisloadisbei119

trallsferredtothe1’ehlforcedcollcretepierthroughthecomlectiol1，itmightcausedthe

stress　collcelltratioll　to　occur　at　the　vicillity　of　the　maill　girderラs　Hanges，The　stress

collce1血atiollmayeventuallyorlghlatethelocaldeteriol・atiolltothecollcretesituated

llearthenallgeofthemaingirde1㌃Shlceth1scollcreteellcasedbymallystructu1・aI

componellts　such　as　the　girder’s　flanges，Iateral　girders，and　the　slabs，it　will　be　difficult

to　l’epah’if　the　Iocalized　dest1’uctioll　is　occurred．

2．8Conc翼us置ons

hl　this　chapter　the　allalytical　lllethodology　was　developed．It　was　then　preliminarily

verifled　with由e　resuks　frolll　experimellts　conducted　by　Japall　Highway　Corp．and

collstruction　compallies．A　good　agreemellt　could　be　observed　in　the　comparisons　whell

reillforced　concrete　was　modeled　wlth　the　application　of　relllforcillg　bar－concrete

interface　elemellts．Therefore，it　is　deduced　that　this　method　is　more　gener組ized　than

the　modelillg　with　smeared　crack　concept　which　stilnacks　of　tl｝e　accul’ate　constitutive

relatiollship　of　reillforcillg　bar。Moreover，by　lmplementillg　the　steel　plate－concrete

illterface　elemellt　illto　the　finite　elelllellt　model，the　slip　between　concrete　and　steel　plate

call　be　correctly　silllulated。Nevertheless，a　ful’ther　verificatiolls　with　some　otller

exl）erimelltalresultsarestilhleededtoassurethegelleralityofthisallalyticalmethod．

The　results　from　the　pldimillary　analys孟s　suggested　dlat　due　to　the　stress　collcentratlon

observed　at　the　vicinity　of　the　m＆ill　steel　girder，the　Iocal　deterioration，which　is

difficult　to　be　repaired，may　occur，This　rises　up　the　other　point　of　collsidel’ation　ill

design　that　how　to　effectively　distribute　the　load　trallsferl’ed　from　the　maill　girder

passillg　through　the　colmection　to　the　reinforced　concrete　pier　without　illitiating　ally

local　deterioration　ill　concrete　located　wlthi嚢l　the　colmectio11．As　weH　it　questionable　to

the　existhlg　structures　that　have　aiready　been　constructed　using　this　method　that　how

safe　and　how　difficult　to　repair　ifthe　local　deterioration　does　accidelltally　happel1．
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CHAPTER 5 

Verification of Analytical Methodology 

5.1 Introduction 

As stated earlier, the demerits in application of this type of composlte structure is the 

difficulty in design and analysis. Though to the time many analytical procedures have 

been proposed in order to analyze this kind of structure, none of them is guaranteed to 

be sufficiently generalized. Another alternative analytical method proposed in this 

research, in chapter 2, as well, needs a verification of its generality and accuracy. Thus, 

in addition to the preliminary simulation of the composite connection specimen tested 

by Japan Highway Corp. and construction companies, the experiment was carried out in 

this research course with one of the objective set as to verifying the proposed analytical 

method. 

In this chapter, the behavior of composite connection specimens simulated by the 

proposed analytical procedures, are verified by comparing to the experimental results. 

The verification is presented in terms of the overall structural behavior namely, the 

load-deflection relationship, and the relationship between reinforcing bar strain and the 

applied load. The load-reinforcing bar strain relationship will also show the analytical 

trend how, compared to the experimental results, Ioads from pier are being distributed to 

the connection. 

5.2 Relatiomship bet~veen App]ied Load and Deflection 

The comparisons between ana]ytical and experlmental load-deflection relationships of 

specimen C-1, C-2, C-3, and C-4 are 'as shown in Fig5.1 to _5.4, respectlvely. The 

deflection is measured at 1 500 mm above the top of the composite connection. 
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From　the　Fig5・1　to　5・4，it　can　be　seell　that　the　beh＆vior　of　all　spec童mens　can　be

simulated　fairly　accurately　within　the　elastic　range．The　pohlt　at　which　the　stfucture　fh－st

looses　the　stifflless（cracking　of　concrete　begins）call　be　predicted　correlatively　to　tllat

observed　ill　experimellts。However，beyond　this　poillt　the　silnulated　behavior　seems　to

bestifferthalltheexpe1帰imelltalone，particularlyforspecimellC－LForthisspecimen，

the　simulation　could　not　follow　the　real　behavior　when　the　secolld　reduction　ill　stifflless

occurs。Imhe　test，this　poillt　was　occurred　at　the　load　step　where　the　separation　between

concrete　and　the　maill　girder　illitiated。At　this　poillt，a　very　high　degree　ofdiscontinuity

does　occur　at　a。wi（1e　crack　on　tension　side　as　well　as　the　distributOd　cracks　ill　the

connection’scollc1『ete，Atthisstage，thebolldmighthaveftlllylostatsomelarge

openillgs　allowing　the　slip　to　occur　quite　freely，The　simulation　w量th　the　assumption　of

Iillearly　reducillg　bond　effective　zolle　factor　llaving　minimum　value　equal　to1，might

llot　be　able　to　handle　this　situation。Therefore　further　study　is　Ileeded　ill　this　area　to

modifythefunctionofbolldeffectivezonefactol’．ForspecimensC－3，duetoahigh

degree　of　nolllillea1’ity，the　allalysis　fails　to　converge　beyond　50　percent　of　the　reaI

applied　load．Therefore，the　convergence　testing　must　be　readjusted　carefully　when

apply　this　method　of　analysis。In　these　four　figures，the　relationship　beξween　load　and

denectiol1Predictedbytheproposedanalyticalmethodologyisalsocolnparedtothe

result　of　analysis　with　all　assumption　of　pelfect　bond　between　concrete　and　reinforcillg

banlode．It　is　obvious　that　the　improvemellt　ill　the1●esults　can　be　achieved　when　the

Proposed　Illethod　is　aPPIied，



86 

5.3 Load-Reinforcing Bar Strain Relationship 

The relationships between applled lo"ad and the str'aln on reinforcing bars 

50 mm above the connection on tension side are shown in Fig. 5.5 to 5.8. 
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Fig.5.8 Load-reinforclng bar strain relationship of specimen C-4 

In this aspect, the analytical predictions show a correlative trend with the experimental 

results in the comparlsons. Quantitatively, the analytical behaviors of reinforcing bars 

on tension side of specimen C-3 and C-4 seem to be stiffer than the real behavior 

obser¥Jed in the tests. This might be due to the fact that, in the test, as some cracks were 

pre-generated during transporting the specimen onto the testing base, the first drop in 

structural stiffness occurs rather early compared to the analytical resuits. Another reason 

!night be because the mismatching between the youn~.: modulus provided by the steel 

manufacturer and the rea] value that mlght be lowelL In specimen C-3, due to the 

divergence occurred in analysis, the simulation has stopped just at the middle of the 

entire process. However, it still shows the correlative trends with the experimental 

results. According to these curves, it can be interpreted that, although the analysis could 

not proceed untll reaching the ultimate state, the predicted distributions of steel strains 

in the lateral direction have more or less the same trend as In experimental results, 

especially in the elastic range. 

5.4 Conclusions 

Based on the comparisons between analytical and experimental results it could be 

deduced that the falr agreement between the analytical and experimental res'ults is 

evidenced in an elastic range. Nevertheless, the analysis is quite prone to the divergence 

problem due to the high degree of nonlinearity in material models. Therefore thls 

method should be applied with a car~ful adjustment of convergence test. In addition, not 
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0111y　the　overaH　behavior　which　can　be　fairly　predicted，the　distributioll　of　forces　hl　the

lateraldireαionsi夏・・ulatedwlththeallaly亡lcalp1℃cedu童℃salsoshowsaconda亡lve亡relld

withthatobsel閣vedhlthetest，
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CHAPTER6

ForceTr紐nsferMechanisms

6．11ntroduct養on

Unlike　a　nofmal　reinforced　concrete　beam－column　joint　in　the　typical　reinforced

concrete　structure，the　structure　consisting　of　steel　girder－reinforced　concrete　p玉el噂

composite　connection　is　rather　more？omplicated・Various　influential　comlection

components　are　usually　ar1’anged　in　a　three－dimensional　space，thus　make　iωifflcult　to

visualize　the　interactlons　among　them．

hl　the　ordimry　reinforced　concrete　beam－columll　joint，the　system　is　comparativdy

uIlsophisticated．Within　the　connection，there　exist　only　some　few　basic　elements　such

as　the　reinforcing　bars　and　concrete．In　practice，these　elements　are　lald　on　the

sy1重mletrical　layers　and　can　be　easily　designed，Various　two－dimensional　design

methods　have　been　developed　since　the　early　l900。Those　design　methodologies　are，for

instance，a　two－dimenslollal　strut－and－tie　mode1，arch　model，stress　fan　mode1，etc．Such

designs　have　been　proved　to　be　acceptably　accura重e　an（i　solne　have　even　been

implemented　lnto　the　regional　design　code　for　concrete　st1’uctu蓋｝e，CEB－FIB1990［191．

However，in　the　structure　being　consi（iered　in　thls　research　in　which　the　composite

connection　between　the　steel　girder　and　the　reinforced　concrete　pier　presents，although

the　symmetrical　layout　does　exist，it　is　not　collapsible　into　one　rep1・esentative　plane。The

afo1・ementioned　two－dimensional　methods　are，重herefore，inappropriate　to　be　app1量ed．

This　Ieads　to　the　immediate　necessity　of　an　altemative　model　capable　to　describe　the

interactionsamongthecomponentsimhecompositeconnection．

HavhlgbrienyexplainedinChapter4aboutthebehaviorsoftheconnection

components　observed　in　tbe　experiment，in　this　chapter，the　concluslve　explanations　oll

the　inte1’actions　among　those　components　will　be　given，The　validity　of　the　force

transfer　mechanisms　explahled　in　this　chapter　will　be　qualitatively　confirmed　against
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the　experimental　as　well　as　analyticah・esults（Chapter7）。Based　on　the　mechanisms　to

be　explailled　hereafter，the　altenlative　lllodel　for　Predicting　the　behavior　of　composite

comlections　wilhhen　be　proposed　in　the　consecutive　chapter．

6．2ForceTransferMeehanisms

Inthisresearch，thestmctureofinte1。estcollsistsofthereinforcedconcretepier，steel

girder，and　the　composite　connection。hl　tbe　experiment，to　simulate　the　beh＆vior　under

static　loads，the　vertical　as　well　as亡he　horizontal　fb1℃es　were　applied　on　to　the

reinforced　concrete　pier．These　extemally　applied　fo1℃es　were　transferre（i　through　the

pier，connection，main　girder，and　eventually，they　were　balanced　by　the　reactions　from

the　supPolts　located　on　the　lnain　girder　Preventing　the　structu1。e　fl噂01n　behlg　dispIaced。

Nodal　zolle

Colun111core　strut

Colulnn　st1・ut

Nodal　zOIle

A1）plied　load

Bar　ties

Girαer’s　reactiolls

Cone．1・餅鱈f「mt（3）

Coml）ressiOll

str“tsgelleraもed

by　girder’s五〇rces

　Girder，s　reactiolls

CQncretestrut（2）■　　一’・　　　Girder，sreacti。11S

　　Collcretestrut（1）

　　　　　　　Fig．6．1Row　pa由s　offorces　inside　the　stmcture、

Sillce　the　main　purpose　of　this　research　phase　is　to　illvestigate　the　force　transfel’

mechallism　within　the　connection，the　connection，henceforth，will　be　considered　as　the

m＆in　system．The　system　is　stressed　by　sets　of　extemal　fol●ces　those　are　exerted　by　the

reinfol℃ed　concrete　pier　and　by　the　main　girder。In　the　followillg　sectlons，the　transfbr　of

applied　forces　and　reactions　throu言h　the　reillforced　conc1’ete　pier　and　the　main　girder’
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will be described. Then, taking into account the pier and main girder forces as the 

external loads to the system, the mechanisms formed within the connection to balance 

these loads will be consecutively explained. Fig.6.1 briefly illustrates the flow paths of 

forces inside the structure. 

6.3 Force Transfer in Reinforced Concrete Pier 

When the specimcn is vertically and horizontally loaded at the top of the pier, the 

applied forces generate both flexure as well as shear in the pier section. The shear force 

is assumed to be uniform]y distributed over the entire length of the pier down to the top 

of the connection. At this position, shear force is equilibrated by the horizontal reaction 

fl'om the connection. The reaction is partly contributed by the studs on the top flange of 

the main girder and partly by the intact reinforced concrete in the compressive zone. At 

the ultimate state, as the uncracked concrete area becomes smaller, the contribution of 

concrete is greatly reduced. However, on the flange of the main girder, since there is a 

group of studs holding the pier's concrete and the main girder together, even though the 

crack has deeply propagated through the depth of the section, the contribution of this 

portion in resisting shear will be relatively less decreased. From this phenomenon, we 

can deduce that the distribution of shear force. from the pier to the top of the connection 

Is not uniform in the lateral direction. 

The flexure, in another way, will produce a couple of compressive and tensile forces on 

the pier's section. The couple generated in the pier is balanced by the reactions from the 

connection. In the compression zone, the compressive force in the pier is responded by 

the top flange of the main girdei' as well as by the concrete within the connection. In the 

opposite direction, the tensile force in the pier is also kept balanced by the bond force 

on reinforcing bars embedded in the connection concrete. Then the surrounding 

concrete will convey the force to the bottom side of the main girder's top flange (details 

of this action will be explained in section 6,4, force transfer in composite connection. 

Based on the stress field concept, A. Muttoni, J. Schwartz, and B. Thurlirnann[l] stated 

that the dlstribution pattern of forces within the concrete element is directly dependent 

to the dimension of supports at both ends of the compressive strut, the larger the 

difference in support size between both ends is, the more distributed stress will induced 

in the strut. Correspondingly to thi~ concep t, the disti'ibution of pier's foi'ce on the top of 
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connectionintothelateraldirectioncanbedetermined．Itshouldbenoted，although，

t1・atintheexperilllent，theforcesapPliedolltothereinforcedcQ豆・cretepierarethose

from　the　ac亡uato1●s　alld　on　the　othe1’end　by　the　reaction　from芒he　comecdon．Since　the

widths　of　actuator　heads　al’e　not　much　different　from　the　width　ofthe　pier，therefore，the

forces　from　actuator　heads　are　Ilea1・1y　uniformly　distributed　imhe　lateral　direction　onto

thetop・fthec・mecti・n・

6．4ForceTransferinMainSteelGirder

In　foms　ofcouple　and　shear，the　forces　from　the　reillforced　concrete　pier　are　tr＆11sferred

via　the　connection　to　the　maill　girder．S　inliIarly　to　the　ordin＆ry　reillforced　concrete

beam－column　joint，the　couples　a1’e　gene1◎ated　by　rotation　of　the　connection・The

comection　will　pus難alld　pull　the　section　of　steel　girder　in　the　compression　and　tension

regions，respectively，and　c＆use　the　bending　moment　in　the　main　girder、Along　with　this

moment，the　vertical　shear　will　be　shifted　from　the　connection　to　the　maill　girdeL　Then

these　forces　will　be　resisted　by　the　reactions　f1●on1芝he　supPorts　positioned　a亡both　ends

of　the　main　gi1『（ier，By　the　set　of　fol℃es　mentioned，the　structure　is　brought　illto

equilibrium　without　any　rigid　body　movemellt・Fig・62shows　the　forces　transferred

from　the　connectioll　passing　through　tねe！nain　girder　and　locked　in　p豆ace　at　the　supPolts、
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The　particular　point　that　makes　the　fbrce　transfer　from　the　composite　conllection　to　the

main　girder　d迂ferent負℃m　that　in　the　qrdinary　reinforced　conc1●ete　beam－columnjoint　is
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that，on　the　surface　whel’e　the　gir（ier　beghls　to　emerge　into　the　connection，force　from

the　mahl　girder　is　decreasillgly　distributed　away　from　the　cellter　of　the　girdeL　The

forces　in　the　web　alld　nange　of　the　main　girder　start　to　Iatel●aHy　distribし遷te　not　ollly　onto

the　main　glrder　deposited　lnside　the　connection　itseif，but　also　to　the　collcreεe　withillεhe

connection，whereas，in　the　ordinary　beam－columnjolnt，as　the　section　is　not　changed　in

shape，the　forces　form　the　beam　would　rather　be　more　uniformly　distributed　across　the

wldth　of　the　beam　and　joint，The　main　girder’s　force　will　be　distributed　in　the　directioll

away・f℃om　the　center　of　the　girder　with　reducing　magnitude　to　the　outer　colmection

conα・ete　as　shown　in　Flg．6。3．

mainσirdeビs　web
　　　o

center　Iine
　　　　　　一・チー・

connection

∫講1…1…鱗…1饗……

．』

Flg．6．3D三stribution　of　main　girder’s　force　onto　the　connection。

6．5ForceTransferMechanisms　in　CompositeCo皿nectlons

In　this　section，the　composite　comection　is　co亘sldered　as　the　system　and　all　of　the

forces　exerted　by　the　other　stmctural　members　to　the　comection，are　thought　of　as　the

extemaIly　applied　Ioads。The　mechanisms　are　established　wi由1n　the　connection　to　react

to　the　extemal　forces．The　extemal　forces　can　be，more　specifically，classified　into2

typesaccordingtothesourceoftheforces・OneisagroupofforcesapPliedtothe
system　by　the　reinforced　concrete　pier　and　the　ot血er　is　that　coming　from　the　mahl　girdeL

The　pier’s　forces　compose　of　compressive　and　tensile　forces　generated　by　the　flexure，

andthehorizontalshea1’fbrceactingonthetoPPlaneofthecolmectio11．ldentic＆11y，the

main　girder　also　induces　a　couple　of　compressive　and　tellsile　forces　as　well　as　shear

onto　left－and　right－hand　sides　of　the　System　These　extemally　applied　forces　are　as

孟llustrated　ill　Fig。6．4。
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Fig.6.4 Forces externally applied to the system 

To reduce the complexity, the mechanisms formed inside the composite connection are 

classified into two parts namely; those are the mechanisms reacting to the forces from 

pier and to the forces from the main girder. The force transfer mechanisms within the 

composite connection of specimen C-1 , C-2, C-3, and C-4, are described on this basis in 

the following sub-sections. It is noted that, to express the total system, these two 

separated mechanisms must be combined to each other. 

6.5.1 Specimen C-1 

In this sub-section, the explanations regarding the mechanisms established within the 

connection to resist the pier's forces will be given in the first place. Then the 

mechanisms originated by the main girder's forces will be successlvely explained. 

Above the connection, other than the pier's compression force that is directly applied 

onto the top flange. of the main girder (Fig.6.7), there is the other portion of 

compression forces which is transferred straightforward to the concrete within the 

connection (Fig.6.5). Since, on the compression side, the connection concrete is not 

supported firmly by any dedicated co~nection components at the portion laterally away 
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from　the　main　girder，therefore　the　extemal　compression　force　from　pier　will　be

redirected　to　the　place　where　there　is　the　upward　force　to　balance　it（via　Strut　l　an（i

Strut2，in　Fig．65）．This　vertical　force　will　be　addressed　partly　to　the　lower　left　comer

of　the　connection　block　hl　where　the　ends　of　the　tension　rehlforcing　bars　are　located

（Strut2）as　well　as　partly　declinipg　to　the　bottom　flange　of　the　maill　girder（Strut　I）。On

the　tensioll　side，by　the　bond　forces　of　reinforcing　bars，the　pier　will　be　hel〔I　in

equilib血m．The　reinforcing　bars’bond　forces　wi11be　tmnsferred　to　the　top－left　conler

of　the　connection　via　Strut3。These　inclined　fo呈・ces　will　be　balanced　by　the　reaction

from　the　main　gi1●der’s　top　flange，Fig、6．5．

For　tぬe　mechanisms　established　to　respond　the　forces　from　the　main　girder，they　are

graphically　shown　in　Fig。6。6and6．7．While　the　structure　is　being　loaded，the　main

gifder　will　generate　flexures　as　well　as　shear　to　the　connection．The　effects　of　flexures

apPlied　to　the　connection　can　be　represented　by　the　couples　of　conlpreミsive　and　tellsile

forces　exerted　on　both　left　and　right　faces　of　the　connection．Partially，these　horizontal

forces　will　be　transfelTe（1through　the　connection　by　the　main　girder　itself，whereasξhe

rest　will　be　lateraIly　distributed　and　ca呈●rie（1by　to　the　connection　concrete．The　girder

forces　that　are　transfe1’red　in　the　connection　via　the　girder　itself　are　as　shown　hl　F量g．6。7。

The　gi1’der’s　compressive　and　tensile　forces　wilhry　to　rotate　the　connection　girder　in　a

countercIockwise　direction、To　preyent　the　free　l嘔otation　of　the　coひnection　girder，the

other　couple　generated　by　pier’s　forces，described　previously，will　counteract　these

forces．In　addition，this　down－and－upward　forces　will　help　balance　the　shea1卿forces　from

the　main　girder　being　applied　on　the　left　an（i　right　faces　ofthe　connection　glrdeL

At　the　same　time，another　mechanism　ruling　the　transfer　of　the　main　girder’s　forces，is

also　formed　in　the　connection　concrete，Fig，6．6．Fig。6，6（a）shows　the　main　mechanism

which　assists　carry　the　m勾or　part　of　the　main　gil『der’s　forces。This　coacrete　st1・ut　is

formed　within　the　boundary　of　the　top　and　bottom　Hanges，an（i　left　and　right　stiffeners。

Due　to由e　change　in　section（from　girder’s　section　only　to　the　girder’s　plus　concrete’s

sectioll），the　horizontal　forces　from　the　main　girder　are　also　spread　in　the　direction　away

from　the　main　girder　to　the　outer　comection　concrete。The　compressive　force　applied　at

the　bottom－left　face　of　the　connection　will　be　lateraHy　distributed　and　ended　up　being

ねeld　at　the　compressive　zone　on　the　toP－right　position，Fig。6。6（b），On　the　other　side，the

compressive　fo1℃es　coming　from　the　top－right　face　will　be　dhlected　to　location　where

there　is　the　force　that　can　balance　it，and　this　location　is　at　the　bolld－effective　zolle　ofthe

reinforcingbars，Fig．6．6（c）。



96 

All of the mechanisms described here are additive to each other in establishing the 

principal force transfer mechanisms withln the connectlon of specimen C-1. This 

proposed mechanism can reasonably describe the actual behaviors of the composite 

connection in specimen C-1 observed during the loading test, for example, the excessive 

rotation of the connection at the ultimate state. This phenomenon is occurred due to 

crushing of conc.rete located on the limited bearing areas under the top flange of the 

main girder (Fig.6.5, bottom and top ends of strut I , and 2, respectively). At the ultimate 

state the external forces applied to the pier is remarkably increased, while the bearing 

area is remained unchanged, therefore, the stress concentration occurs in these regions 

and finally causes a crushing of concrete. After the concrete is softened, the connection 

concrete looses its integrity with the main girder, and results in the excessive rotation. 

The crack pattern recorded on the surface of connection concrete is another example 

that proves the validity of the proposed mechanism. The crack patterns of the test 

specimens are given in Appendix A I . For specimen C-1 , it can be seen that the cracks 

propagate into nearly the same directions as those of strut 1, 2, and 3 in Fig.6.5. Since 

these struts represent the flow directions of the principal compressive forces thus the 

cracks can be expected to occur parallel to the axis of the struts. 
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Fig.6.6 Force transfer mechaniSmS inside connection concrete of specimen C- I . 
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6.5.2 Specimen C-2 

Fig.6.8 shows the force transfer mechanism in the connection of the specimen C-2 in 

which there are the lateral girders encasing the connection concrete. The mechanlsm of 

force transfer in this type of connection is essentially identical to that of specimen C-l 

except that on concrete strut I and 3, there are the strut-shaped plates attached. Since 

there exist the studs joining connection concrete and lateral girders together, it Is 

assumed that these two components behave in a fully composite manner and the same 

strut-shaped forces transfer path Is formed in both components. 
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The　flexure　from　the　reillfo星℃e（i　concrαe　pier（composed　of　the　compression　force

ac室ingollthetopnangeofthemahlgirderalldthetellsileforcetllroughtherehlforci119

b公rs　pulling　concrete　under　mahl　girder’s　flallge　oll　tellsio臓side　up）is　maillly　balanced

bythereactioncouplefromthetopHallgeofthemaingirderandstmcausillgtぬestress

concent1・ation　at　the　vicinity　of　the　main　girder　similarly　to　that　hl　specimen　C－L

However，due　to　the　composite　action　between　concrete　stl’ut　l　and3and　the　Iateral

girders’strut　l　and2，the　concrete　at　the　bottom　of　stmt　l　and　at　the　top　of　strut2wilI

be　less　stressed　against　the　bottom　an（I　top　flanges　of　the　main　girder，respectively。It　is

because　fractions　of　pier　fb1℃es　w田be　transfelTed　via　the　lateral　girders’struts　directly

to　the　main　girder．The　availability　ofthe　lateral　girders　will　also　prevent　the　rotation　of

theconnectioncausingbythedeterioratiollofconcretestrutsastheyaresubjectedto

the玉ess　concentrated　stresses。

The　mechanlsms　established　to　react　the　forces　from　the　main　girder　are　as　illustrated　in

Fig、6，9．Mechanisms（a），（b），and（c）are　ldenticaho　t薮ose　in　specimen　C－1，while

mech母nism（d）is　the　additional　one．As　demonstrated　by　Fig．6。3，the　fol℃e　in　the　main

girderisspreadlaterallythroughthelateralgirdertotheconnectionconcrete，ltis

assumed　that　the　magllitude　of　this　distributed　force　becomes　smaller　as　the星ocation　it

is　carrled　to，becomes　farther．That　means　the　colmection　concrete　positioned　away

且・om　the珊ain　girder　wm　gain　Iess　effect　from　this　distributed　forge。This　assumption　is

also　imposed　on　mechanism（b），and（c）。

For　the　force　transfe1’in　the　main　gi1’der　lqcated　inside　the　comection，Fig，6．10，the

vertical　forces　from　the　Iateral　girders　are　added。As　explained　earlier，出ese　forces　will

lessen　the　forces　in　concrete　strut　l　and3，and　be　considered　as　a　positive　effect．Via　the

proposed　force　t1・ansfer　mechanism　within　the　connecdon，the　forces　from　pier　are

carried　to　the　main　girder　where　they　are　evcntually　balanced　by　the　support　reactions。

Byinstallingthelateral　girders　toencasetheconnectionconcrete，theexcessiverotation

couldeffectivelybeavoidedsincethestressconcentrationproblemisrelieveαThis

non－existence　of　disintegration　between　connection　concrete　and　the　main　gir（ler　is　also

confinnedintheexpe1●imelltofspecimenC－2．
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Fig．6．10Force　transfer　mechanism　in　portion　ofmain　girder　inside　connection（C－2）

6．5．3Specinlen　C－3

In　specimen　C－30f　wh圭ch　connectlon　concrete　is　encased　by由e　lateral　girders　Iike　in

specimen　C－2but　w量th　diaphragms　connecting　lateral　gil’ders　on　both　sides　together，the

fundamental　fol℃e　transfel’mechanism　is　similar　to　that　works　in　specimell　C－2．The

flexure　from　the　pier　is　stiH　carried　foremost　by　the　reaction　couple　exert弓d　by　the　top

flange　of　the　main　girder，Nevertheless，as　the　lateral　girders　are　strengthened　by　using

dlaphragms　to　link　them　together，they　becomes　stronger　in　reslsting　the　portion　of　the

pier’s　nexural　couple　which　is　distributed　outward　form　the　main　girder．Hence，the

outmost　portion　ofconcrete，strut4，in　Fig。6，11，would　help　transfer　more　fo1℃e，via　the

strengthened　lateral　girder，straighぜorward　to　the　main　girder。It　should　be　noted，

although，that　the　connection　concrete　strut　l　and3are　not　extended　up　to　the　outmost

conc1。ete　portion　like　in　specimen　C－1and　C－2，as　it　is　blocked　by　tke　diaphragm．

The　role　of　diaphragms　is　to　hold　the　I飢e1●al　girders　on　right　and　left　side　together，

Therefo1’e，when　the　specimen　is　Ioaded，the　downward　and　upward　movements　Qf　right

and　left　lateral　gh・del・s　will　be　coullteracted　by　the　plate－shearing　action　of　diaphragm．

As　a　result　of　the　less　movements　of　Iateral　gir（lers，山e　concrete　at　the　Iocation　away

n『om　the　main　gi1’der　w孟11contribute　more　in　carrying　pier’s　force．Ill　addition，since　the

pier’s　force　applied　to　the　outmost　con登rete　will　be　carried　only　by　the　lateral　girder　to
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the main girder (lateral girder strut 2), thus, this contribution of lateral {girder wili reduce 

the stress concentration which might crush the concrete at the bottom of strut 1, and at 

the top of strut 3. 

Fig.6.12 illustrates the mechanisms established in the connection concrete to resist the 

forces from the main girder. The directions of these concrete struts are almost the same 

as those of specimen C-2, with the exception that the struts shown in Fig.6. 12(b) and (c) 

ai'e not extended beyond the diaphragm. Another effect of diaphragm is that, the 

compressive stress in the inclined concrete struts adjacent to the diaphragm, Fig.6. 12(d) 

and strut I and 4 in Fig.6.11, ~vill be lessened as the diaphragm will help carry some 

part. For the force transfer in the main girder located inside the connection, its pattern is 

just similar to that presents in specimen C-2. 
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Fig.6. 1 1 Force transfer mechanisms inside connectlon concrete of specimen C-3. 

(established to resist pier's forces) 
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Fig.6. 1 2 Force transfer mechanisms inside connection concrete of Specimen C-3. 

(established to resist main girder's foi'ces) 

6.5.4 Specimen C-4 

Fig.6.13 shows the force transfer mechanism wlthin the connection of specimen C-4. 

The mechanism is different from those of specimen C-1, C-2, and C-3 in such a way 

that, as the top flange is removed from the main girder, the flexure from the pier is 

transferred to the connection by exerting the compression force on the top flange of the 

diaphragms, and pulling this flange on tension side up by the bond forces of reinforcing 

bars. Furthermore, since there is no stud instal]ed on the lateral girders in specimen C-4, 

so unlike specimen C-2 and C-3, concrete strut 1, 3, and 5, will work independently 

without the composite action. 

In specimen C-2 and C-3, the pier compression and tension will be distributed out 

laterally and carried by the concrete struts inside the connection. Along with the 

concrete struts, these forces will also be transferred partly via the lateral girders' struts 

to the main girdell In specimen C-4, however, rather than being concentrated on the 

main girder, only some part of pier's forces (concrete strut I in Fig.6.1 1) will be directly 

conveyed to the bottom flange cf the main girder. Another part of the pier's forces will 

act on the top flange of the diaphragm situated laterally away from the main girder 

(concrete strut 3 and 5, and the pier's compression exerted on the top ffange of 

diaphragm). Then these forces are transferred forth to the main glrder via the lateral 

girders' strut I and 2 alone (it is noted that in thls specimen there is no stud provided on 

the lateral girder so it is assumed to'have no composite action with concrete). By this 

mechanism, the lateral girders will be put to the relatively full usage cornparing to the 
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partial use of the lateral girders in specimen C-2 and C-3 of which lateral girders carry 

only the minor portion of pier's forces. In addition, the pier's compression will be 

effectively resisted by the connection concrete located away from the main girden 

Similarly, on tension side, due to the steeper inclination of concrete strut 3 and 5, the 

bars located laterally away from the main girder will also be more fully utilized 

(comparing to the more inclined concrete strut 3, in specimen C-2). 

Comparing to specimen C-3, the diaphragms in specimen C-4 behave in such a same 

manner as to strengthen the lateral girders. Therefore, the compressive and tensile 

forces from the pier will be carried more by the lateral girder. The major different 

between the force transfer mechanisms of these two specimens is that, in specimen C-3, 

the compressive force from the pier will be exerted on the top flange of the main girder 

and on the lateral gii'der via the studs, Fig.6.14. As well, on the tension side, the tensile 

force will be carried by the hold-down reaction from the top flange of the main girder 

and by the lateral girder via studs. Contrarily, in specimen C-4, as there is no stud on the 

lateral girder, the compressive force from the pier will be carried by the bearing area on 

the top flange of the diaphragms and partially by the bearing on the bottom flange of the 

main girder. On tension side, by the inclined concrete strut 3 and 5, the tensile force 

from pier will be transferred to the bottom face of the diaphragm's flange. In practice 

since the lengtl_1 of lateral girder's stud is relatively short compared to. the width of the 

pier, thus the effective bearing area formed by studs to hold the pier's compresslve and 

tensiie farces wiil be smali. This may eventuaily cause the stress to be rather 

concentrated at the vicinity of the main girder instead of spreading out laterally as in 

specimen C-4. Besides, at the topmost studs the force will become intense on the 

limited area, therefore the local deterioration could be potentially b~ generated. In 

specimen C-4, as the pier's compression is exerted on the diaphragm's top flange which 

has larger bearing area, therefore, the problem of stress concentration at tbe main girder 

as well as the local deterioration at the vicinity of the topmost studs can be eased. 

The mechanisms established to resist the forces from the main girder are similar to 

those of specimen C-3 in where the diaphragms are instailed, Fig.6. 12. As well the force 

transfer mechanism in the main girder portion embedded inside the connection is the 

same as that exists in specimen C-2 and C-3, Fig.6. I I . 
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6．6Condusions

With　the　informatioll　obtained　from　the　amlytica1（to　be　explained　in　the　next　chapter）

as　well　as　from　the　experimental　illvestigations，the　force　transfer　mechallisms　wi由in

the　composite　connections　can　be　clarified．The　accurate　path　of　the　fol℃e負ow　should

rather　be　simulated　in　three－dimensional　space　than　in　two－dlmensional　as

conventionallydoneinthebehav量oralsimulationoftheordinaryreinforcedconcrete

beam－columnjoint。

The　mechanlsms　of　the£orce　transfer　within　the　composite　comection　is　organized

similarly　to　the　strut－and－tie　model，in　where　the　compressive　force　is　carried　along　the

compressive　strut　alld　the　tensile　force　is　transfαred　via　the　tie．The　mechanism　insi（1e

the　compgsite　connection　plays　the　important　role　in　conveying　the　extemally　applied

forces　f士om　pier　to　the　main　girder　that　will　finally，equilibrated　by　the　support　reactions，

hl　this　chapter，the　composite　connection重s　considered　as　the　main　system，where　forces

＆PPlied　by　the　piel。and　the　lnain　girder　are　thought（）f　as　the　external　forces．Fronl　the

pier，毛heverticalcompressiveandtensileforcesaretransferredtothet・pofthe

connection，while　ffom　the　main　girder，the　horizontal　couple　is　conveyed　to　the　side

faces　of　the　connection。The　simulation　of　the　force　tra夏】sfer　mechallism　is　simplified　by

takillg　into　account　the　mechanisms　established　by　these　twQ　types　of　extemal　forces

separately．Then　the　mechanism　is　drawn　out　based　on　the　results　from　both

experimental　and　analytical　investigations．The　qualitatlve　comparison　between　the

mechanisms　proposed　for　speclmen　C－1，C－2，C－3，and　C－4，and　the　flow　pattems　of

compressive　strains　inside　the　connections　from　f1nite　element　analysis　wili　be　given　in

the　following　chapteL

By　the　proposed　force　transfer　mechanisms，由e　behavior　of　the　specimens　observed　in

the　loading　tests　could　be　lqationally　explained．For　instances，among　aH　of　the

specimens　tested，the　control　specimen，C－1，responded　the　load　in由e　least　stiff　manner

with　the　smallest　ultimate　load　resisting　capacity，the　cause　of　this　phenomenon　is　the

disintegration　of　the　connectioll　part．The　disintegration　betweell　connection　concrete

andthemahlgirderlsoccurredpotentiallyduetocrushingofconcretelocatedatthe

hlghly　stressed　zones　like，at　the　bottom　of　strut　l　an（i　at　the　top　of　strut3hl　Fig．6．5．

The　direction　of　crack　propagations　recorded（iuring　the　test（Appendix　A），are　also

correlated　with　the　direction　ofcompressive　stmts1，2，alld3ill　the　same　figure．
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By adding in the lateral girders (specimen C-2), this excessive connection rotation could 

be overcome. The connection could withstand the load until the yielding of reinforcing 

bar took place. This is due to that the lateral girders strut I and 2, share the lo'ad from 

concrete strut 1, and 3, Fig.6.8. The use-to-be highly stressed zones of concrete in 

specimen C- I are relaxed, therefore preventing the concrete from crushing. Furthermore, 

the lateral girder can more effectively distribute the main girder forces to the outer 

concrete. This, again, helps reduce the stress concentration problem. 

When the lateral girders on compression and tension sides were connected to each other 

with diaphragms (specimen C-3), the better-distributed force transfer from the pier into 

lateral direction to the connection could be achieved. It was because the strengthened 

lateral girders increased the rotational stiffness of the connection (Fig.6. 1 1), The pier's 

forces which is applied on the top of the connect, will be encountered not only by 

addltional lateral girder's strut 1, 2, 3, and 4, but also it will be reacted by the 

plate-shearing behavior of the diaphragms. In chapter 4, Fig.4.9, the plot of vertical 

strains on the diaphragm of specimen C-3 obtained from the experiment are shown, the 

shearing behavior of the diaphragm could be seen in the plots. The plate has the 

compressive strain coming down form top-right to bottom-left corner. While along the 

opposite diagonal direction, the plate exhibits the vertical tensile strain. These two 

_observations, in combination, can be interpreted as the shearing behavior of the 

diaphragm. 

With the additional diaphragms' flanges and partially removed main girder's flange, 

specimen C-4 could also distribute the pier force more uniformly into the lateral 

direction. Especially on compression side, the relocation of the compression baring area 

caused the force from pier well distributed onto the connection, thus, reduced the 

concentration of stress at the vicinity of the main girder and the potential local 

deterioration that might occur around the studs. 

From the research in this phase, it could be concluded that the proposed force transfer 

mechanisms of the composite connection help improve the understanding about the 

behavior of the composite connections. In addltion, they also suggest the alternative 

way the designer could think about the force flows withln the composite connection, it 

will, therefore, Ieads to a more liberated and effective design. 
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CHAPTER 7 

Strut-and-Tie Model for Composite Connection 

7.1 Introduction 

In case of slender reinforced concrete structure, the flow of compressive stresses is 

uniformed throughout the entire length and it is referred to as the "Beam" region [7]. To 

predict the behavior of the beam region, it is simple and sufficiently accurate to apply 

the sectional method. However, for the connection region, it regularly carries several 

forces exerted by the conjoining members. The sophisticated combination of forces 

make the stresses within this region non-uniform, therefore, the accustom sectional 

method is not applicable. This i'egion is cailed "Disturbed" region [7]. 

To predict the behavior of or to design the disturb regions, so far there have been many 

methods proposed, for example, the strut-and-tie model and the linea.r or nonlinear finite 

element method. Even though the FEM recently is widely applied for these purposes, it 

is still cost and time consuming. According to these disadvantageous, the simpler design 

and analytical method is being called for, and most of the time the strut-and-tie model is 

selected as the capable alternative. 

In this chapter, the three-dhnensional sti'ut-and-tie model is adopted to simulate the 

behavipr of the composite connections. The force transfer mechanisms proposed in 

Chapter 6 is utilized in parallel to determine the geometry of the struts and ties in the 

connection. The results of the calculations are then checked against the experimental 

results and used to verify the applicability of the force transfer mechanism. The basic 

concept of the strut-and-tie model will be given in the following section. Then the 

specific applicatlon of strut-and-tie model for composite connection will be described In 

section 7.3. Section 7.4 will show the examples of application of strut-and-tie model for 

predicting behavior of four composite connection specimens tested in this research 

course following by the verification of strut-and-tie analysis in section 7.5. 

Consequently, some design considefations and suggestions are given section 7.6. Finally, 
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the conclusions along with the recommendatlons for further 

will be provided in section 7.7. 

development of the model 

7.2 Strut-and-Tie Model 

One of the important advantages of using strut-and-tie model to predict the behavior of 

such a disturbed region like the composite connection is the flow of forces can be easily 

visualized. Another advantage of using this kind of model to idealize the flow of forces 

is that the influences of both shear and moment are accounted for simultaneously and 

directly in the design. However, along with these advantages, there also exist some 

disadvantages in utilizing such a method as stated by the Joint ASCE-ACI Committee 

445, in the Structural Forum, "Recent Approaches to Shear Design of Structural 

Concrete" [7] that, "the visualization of the flow of compressive stresses in the concrete 

allows the development of a truss idealization consisting of compressive struts and the 

tension ties necessary for equilibriurn. It takes experience to determine the most 

efficient strut-and-tie models for different situation. For any given situation, many 

strut-and-tie models are possible and no unique solution exists". Their statement about 

strut-and-tie model has pointed out that there's still no fixed general guldeline for 

desig:ning the structurai components in the disturbed regi.on with this method. The 

inappropriate design with this method will finally price in the large amount of 

reinfoi'cement or the extra weight due to the excessive size of concrete member. 

Dated back to 1984, some researchers had tried to setup the standard for the design of 

disturbed region with strut-and-tie model. Schlaich and Shafer [65] and Schlaich et al. 

(1987) t66] have suggested that a strut-and-tie model be chosen after carrying out an 

elastic analysis. They suggested choosing the geometry of the truss model such that the 

angles of the compression diagonals are within ~ 15' of the angle of the resultant of the 

compressive stresses obtained form an elastic analysis. Although this approach can give 

some guidance in choosin{) the geometry of the strut-and-tie model, it must be 

i'ecognized that considerable redistribution of stresses takes place after cracking if the 

member is ductile. 

It is obvious that the most iurportant and dlfficult task in using strut-and-tie model is to 

conceive the reasonably effective strut-and-tie system within the member. After getting 

the idealized model, the next step is to dimension the concrete struts and reinforcing bai' 
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ties. Then the system must be sol¥'ed for the internal forces of each strut and tie. 

Eventually, it has to be ensured by the designer that concrete strut will not be crushed _or 

the brittle diagonal crack will not be occurred. It is because these are the dangerous 

mode of failure. 

In Chapter 6, force transfer mechanisms inside the composite connection, the directions 

of the flow of forces are determined. The layouts of those mechanisms are drawn 

correspondingly to the experimental results; for example, the crack pattern and the 

strains measured on the connection components. To make sure that the flow paths 

suggested in Chapter 6 are suitable, following in this section, the proposed mechanisms 

will be qualitatively compared with the directions of the principal compressive stresses 

in concrete which are obtained from the finite element analyses. Fig.7. I (a), (b), (c), and 

(d) summarize the major force transfer mechanisms in specimen C-1 , C-2, C-3, and C-4, 

respectively. 
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Fig.7.6 Definition of compression, middle, and tension face of the model 

Shown in Fig.7.2 (a) (b) (c), 7.3 (a) (b) (c), 7.4 (a) (b) (c), and 7.5 (a) (b) (c) are the 

principal compressive strains of concrete on compression face, middle face, and tension 

face of specimen C- I , C-2, C-3, and C-4, respectively, The definitions of compression, 

middle, and tension faces are referenced in Fig.7.6. 

On the compression face of specimen C- I and C-2, it can be seen that the principal 

compressive strains orlginate from the bottom flange of the main girder and flow in the 

direction pointing to the top-left corner. This is similar to the direction of concrete strut 

l in the proposed mechanisms. For specimen C-3 and C-4, the principal strains seem to 

be originated at the bottom flange of the main girder as well, but they rather point up 

more vertically than those in specimen C-1 and C-2. These struts are not extended 

beyond the position of the diaphragm. In the proposed mechanisms, beyond the position 

of diaphragm, there presents only a lateral girder's strut in specimen C-3 and none in 

specimen C-4. 

For the principal compressive strain on middle face of all specimens, it couJd be 

observed that the strain flows in the direction from bottorn-right corner on tension side 

to the top-left corner on compression side. These analytical observations prove the 

validity of incllned strut 2 in specimen C-1 and C-2, as well as strut 2 and 4 in specimen 

C-3 and C-4. 

On the tenslon face, the principal compressive strains are less prominent than on the 

other faces. However, they still show the trend that is correlative with the direction of 

strut in the pi'oposed mechanisms. In specimen C-1 and C-2, the principal compressive 

stresses flow in the direction from top-right corner (under the flange of the main girder) 

pointing down to the bottom left corner. This flow path is Identlcal to the directlon of 
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concrete strut 3 in both specimens. In specimen C-3, although the flow path is more 

horizontal, the approximated direction of these principai compresslve strains is from the 

top-right corner (main girder's flange) aiming to the iower part of the diaphragm. In the 

mechanism proposed for this specimen, concrete strut 3 represents the direction of this 

flow. Beyond the position of the diaphragm, nearly vertical stresses can be observed. 

This is because the bond force of reinforcing bar is held straightforwardly by the lateral 

girder via studs. In the mechanism this force is resisted by the lateral girder's strut 2. 

For specimen C-4, on the tension face, it can be seen that the principal strains of 

concrete located adjacent to the diaphragm are flowing from the bottom to both faces of 

the diaphragm, this phenomenori can be well simulated by concrete strut 3 and 5 in the 

connection of this specimen. 

From this qualitative comparison, it could be deduced that the proposed force transfer 

mechanisms in all specimens can simulate the flow paths of force within the composite 

connection with a fair accuracy. Having proved the validity of the mechanisms, in the 

next step, the dimensions of all struts and ties in the model will be determined. Then the 

internal forces of sti'uts and ties will be calculated. The calculation procedures are 

explained in the following section. 

7.3 Caiculation Procedures 

In order to analyze the behavior of the steel girder-reinforced concrete pier composite 

connection with the strut-and-tie model, the calculation procedures are proposed in this 

research phase. The calculation steps are described as follows. 

7.3.1 Sketch the flow of forces within the composite connection and locate the nodal 

zones which are the regions bounded by struts, tles, or bearing areas. The rough idea 

about the force transfer paths can be obtained by deducing from the experimental 

observations or from the results of elastic analysis as explained earlier. 

In this study, the system being considered is the composite connection consisting of 

reinforced concrete and steel girder components. The ccunpressive struts and tension 

ties are formed within this part of structure to represent the compression and tension 

flow paths, respectively. The loads applied onto the connection by the pier and the 

reactions exei'ted by the steel girdel;s to the system are considered as the external forces. 



118

The　distribution　of　fol・ces　from　the　pier　to　onto　the　comection　is　computed　by　assumillg

that　these　forces　are　transferred　vla　the　illclilled　strut　system　hl　the　pier。With　this

assumption　the　llon－ulliform　distribution　of　pier’s　compression　and　shear　can　be

detelmined．

For　the　forces　exerted　by　the　main　girder　onto　the　system，it　can　be　computed　based　on

the　sectional　method．Thls　group　ofmaill　girder’s　forces　is　composed　of　flexura1角1℃es

（compressive　an（l　tensile　forces）and　shear　forces．hl　case　of　the　composite　connection

having　lateral　girders，the　distrlbution　of　fo1℃es　from　the　main　girder　through£he　latellaI

girdel・to　the　composite　connection　is　simulated　by　the　same　method　as　for　the

distribution　of　pier’s　forces，Fig。6．3．The　flexural　components　are　applied　to　the　side

faces　of　the　connection　and　formed　the　mechanism　within　the　connection，whereas，the

shear　is　assumed　to　be　trans£erred　via　the　main　g量rder　itself　illto　the　connection，and　this

component　will　be　balanced　by　the　veltical　fol℃es　in　the　mechanism　established　by　the

pier　load．

A　group　of　strut　and　tie　elements　formed　to　resist　tbe　pier　loads　is　additive　to　the　group

ofstrutandtieelementsformedto1’esisttheextemalforcesexertedbythesteelgirder．

The　combination　will　represent　the　total　effect　ofthe　extemal　forces　to　the　system．

7。32Determine　the　geometry　ofthe　truss　members　and　nodal　zones。

Imhe　calculation　of　intemal　forces　withhl　the　connection，the　struts＆nd　ties　elements

are　simulated　by　the　truss　elements　joining　each　other　at　the　nodal　zones。To　solve　for

the　intemal　forces　in　these　truss　members，the　location　of　nodes　must　be　determined，hl

case　that　the　entire　tluss　system　is　statically　indeteminate，the　dimension　and　stiffness

ofthe　truss　member　must　also　be　pl’esumably　defined．

The　positions　of　nodal　zones　are　actually　pre－determined　whi1e　the　mechanlsms　are

formed．For　the　dimellsions　of　the　truss　members，they　are　dependent　on　the　sizes　of　the

compresslve　bearing　zones（the　area　on　the　connection　which　bear　the　pier’s　and　maill

girder’s　forces），and　the　anchorage　detalls　of　the　tension　ties。The　sizes　of　the

compl・ession　bearillg　zones　are　determ玉ned　when　the　extemal　fo1℃es　from　pier　and　main

σlrder　are　calculated．For　the　intemal　nodal　zone　which　is　consisted　of1・einfo1・cement
o

ties　and　the　connection　concrete　struts，the　width　ofthis　zone　is　assumed　as　follows，

Intemal　nodal　zone　width　＝　2x（Ravg）＋（space　between21illes　ofIongitudinaI



119

rehlfOI℃ementS） （7．1）

where，

Ravg　ニradius　ofthe　bond　effゑctive　area，determined　hl　Chapter3

ニ1漂x（radlusgfreinおrcingbar）

7．3．3Determine　the　fo1℃es　in　the　tr旧ss　membe1’s．

Slllce　the　truss　systems　for、composite　comections　are　usu＆11y　statically　indeterminate，

the　stiffness　of　the　truss　members　has　to　be　presumably　given　in　order　to　solve　for　the

unknown　forces（forces　in　rei且forcing　bars　and　unknown　reactions）and　the　intemaI

fbrces　of　the　truss　members。Concrete　co甲pressive　struts　are　assumed　to　have　a　linear

modulus　of　elasticlty　as　well　as　the　reillforcing　bar　ties，Since　the　truss　system　in

composite　comection　has　quite　complicated　layout，to　calculate　the　magnitude　of

unknown　forces　in　the　system　finite　elelnent　analysis・program　is　applied．

7．3。4Check　fbr　the　failure　that　might　have　occurred　in出e　truss　membeL

After　solving　for　aH　of　the　unknown　forces，for　the　design　pulpose，the　failure　of

members　should　be　checked．Those　potential　failure　modes　which　should　be　cautious　of

are，the　yiel（iing　of　reinforci自g　bar，diago！1al　cracking　in　the　concrete　strut，and　the

crushing　of　the　concrete　strut。Yielding　of　the　reinforcing　bar　and　crusれing　of　concrete

could　be　checked　by　comparing　the　calculated　stresses　in　members　withεhe　acωal

material　properties．For　the　diagonal　fa1lure　in　concrete　strut，the　method　proposed　by

Siao［70】is　adopted。In　his　calculation，a　single　compressive　force　is　replaced　by　two

equivalent　struts，Fc，radiating　aωispersion　angle2：1ffom　the　original　direction　of　strut，

Fig，7。7，These　two　stru亡s　are　heldξogether　at　midheigh亡ofthe　beam　by　tension　force，R．

Thus　the　tensile　force　within　the　stmt　can　be　calculated．The　stress　generated　by　this

tension　component　in　the　stmt　can　be　calcul＆ted　by　dividing　the　tensile　force　with　the

area　normal　to　the　dlrection　offorce・　　　　　　　　b

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一

Fc

Fc

　　　し

　　　　　　　　Fc

t畠・

　Fc

Fig．7，7D孟stribution　offorces　in　strut一＆nd－tie　mo（iel　proposed　by　Siao［70］



120 

With the calculation procedures proposed in this section, 

connection specimen C-1, C-2. C-3, and C-4 are simulated 

and the resuits of prediction by strut-and-tie model will 

section. 

the behaviors of composlte 

The method of application 

be shown in the following 

7.4 Application of Strut.and-Tie Model for Predicting Behavior of Composite 

Connections 

The behavior at the ultimate state of the composite connection specimen C-1 , C-2, C-3, 

and C-4 are simulated by using the proposed strut-and-tie model in this section. The 

calculations are preformed to check the validity of the force transfer mechanisms 

whether they are capable in representing the real flow paths of forces. Also, this 

calculation will prove the applicability of the strut-and-tie calculation procedures, as the 

solution will be compared with the results obtained in the experiments. 

7.4.1 Specimen C-l 

In Fig.7.8 (a) and (b), the force transfer mechanism in the connection of specimen C-l 

is represented by the combination of strut and tie components. 
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（a）Disこributions　ofthemaln

girder’scomp置●essions（1eft＆

right）toしheconnection

concrete　bounded　by　flanges

and　sl孟ffeners（Strut4）

（b）DisIributions　ofしhe

ma重ngh’der’scompression

（left）totheconnection

concrete（Strut5）

（c）D五stributions　oftlle

maln　girder’s　compl閣ession

（right）tO　t員e　COnneCtiOn

concrete（Strut6）

（b）Force　transfbr　mech＆nisms　inside　the　connection　concrete　of　specimen　C4．

　　　　　　　　　　　　　　（established　to　resist　the　main　girder’s　forces）

Fig．7。8Force　transfermechanisms　in　the　composite　comection　ofspecimen　C－1

011to　the　system，thefe　are　pierラs　and　main　girder’s　forces　applied．Those　fbrces　are

represented　by　thick　arrows　in　Fig，7．8（a）and（b）．By　the　sectional　method　the　total

flexural　forces　and　shear　of　the　pier　an（1the　main　glrder　could　simply　be　determined．

The　distribution　of　these　forces　on　particular　strut　could　be　calculated　as　suggested　in

section7。1。The　distribution　pattem　is　shown　in　Fig．7．9．In　the　calculation，it　is　assumed

that　all　stfuts　that　carry　these　forces　to　the　connection　have　the　same　stiffness．The

sectional　areas　of　all　struts　are　similar，except　th＆t　of　the　middle　strut　which　has　the

relatively　larger　a1・ea．These　compresslon　areas　can　be　obtained　from　the　sectional

computation．The　Iarger　area　of　the　middle　strut　reflects　the　effect　of　studs　on　the　top

flange　of　the　main　girder　which　help　hold　the　concrete　tighter　and　make　the

compression　bearing　a1’ea　in　this　zone　become　larger．With　the　known　inclination　ofthe

stmt　from　the　geometry　of　specimen，the　forces　transferred　via　each　strut　can　then　be

calculated。From　the　calcuiatioll　it童s　found　that　the　amount　of　compressive　forces

conveyed　from　the　loading　jack　to　the　top　of　the　collnQctlon，are　almost　identlcal　in　alI

struts．This　is　due　to　the　inclinations　of　struts　which　are　very　smaU（the　most　inclined

one　forms　only6280allgle　to　the　vertical　axis）．Shear　force　distribution　on　the　top　of

the　connection　call　also　be　calculated　by　the　same　method。The　extemal　forces　applied

tothesystemareasillustratedinFig。7．10（a）
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After getting to know the force transfer mechanism or the flow paths of forces, based on 

the mechanism, the truss system is constructed for analyzing the connection (as 

suggested in 7.2). In the system, the truss elements are used to represent both of the 

concrete struts and reinforcing bar ties as shown in Fig.7. 10. The directions of trusses in 

this figure are conformed to the axis of the struts and ties in the mechanism. Strut I to 6 

in Fig.7.8 are subdivided into thiiee equal portions, foi' example, strut I is equaily 

separated to be strut I l, 12, and 13. This is to simplify the analysis, as the external 

forces applied on these particular sub-portions are not uniformed such as the pier's 

shear of which magnitudes are decreased in the direction away from the n~ain girdell 

Dividing the strut into 3 parts will also make the placement of reinforcing bars which 

are arranged in three lateral layer convenient, although they are still in the approximated 
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positiolls．Then　the　cross－sectiollalεlrea　of　each　stru重is・determined．Since　the

cross－sectionalareaofalmostallstl’utsarellotulliform（stl幅utsarenotprismatic），the

average　cross－sectional　area　of　the　strut　which　is　calculated　by　taklng　the　average　value

of　the　areas　at　both　ends　of　stl’uts，is　used．The　dimensions　of　struts　l　to61n　this

specimen　are　as　shown　in　Fig，7，1L　It　should　be　noteq　that　the　area　to　be　used　must　be

theareaoftheplanethatispelpendiculartotheforceaxisolOtheaxisofstrut，

In　addition，some　other　assumptions　used　in　modeling　the　struts　are（see　Fig．7．11），for

collcrete　stmt　series1（str研t11，12，and13），1ts　width　at　both　top　and　bottom　end　is

assumed　to　be　equal　to由e　depth　of　compression　area　in　the　pieL　Ill　the　same　mamer，

the　width　of　the　concrete　strut　series3（31，32，and33）量s　assumed　to　be　equal　to　the

width　of　the　bond－effective　zone　constantly　from　the　bottom　to　the　top　ends．For　the

concrete　strut　series2，the　top　end孟s　assumed　to　be　of　the same　width　as　the

compressive　bearing　area　in　the　pier　above　the　connection，whi霊e　at　the　bottom　end，it

presumably　has　the　bond－effective　zone’s　wi（1th．The　bearing＆reas　of　struζ’40n　the　left

and　right－hand　sides　a星’e　assumed　to　be　equa畳to　the　depth　of　the　compressive　zone　in　the

main　gir（ieL　For　strut5，the　top　end　is　of　the　same　width　as　the　compression　area　in　the

pier，while　the　bottom　end　has　the　same　depth　as　of　the　compression　zone　in　the　main

girder。Lastly，strut6，its　depth　at　the　top　end　is　assumed　to　be　equal　to　the　depth　of

comprcssion　zone　in　the　m旦in　gi1’der　and　at　the　bottom　end，this　strut　is　assumed　tQ　have

the　same　width　similar　to　the　width　of　bond－effective　area。In　addition　to　the　m勾01・

struts　mentioned，in　the　truss　analogy，to　realistically　simulate　the　effect　extemal　forces

（Fig。7．10），at　the　bottom－1eft　and　top－right　po1・tions　ofthe　system　the　compressive　fo1℃es

from　the　main　glrder　are　assumed　to　be　spread　out　to　the　nearby　beal●ing　are＆s，namely，

lower　end　nodes　of　ties　for　the　bottom－1eft　force，and　concrete　bearing　area　node　fo1●the

top－right　force。The　dimensions　of　these　struts　are　determined　by　averaging　the　areas　at

both　en（is．

It　is　noted　that，in　order　to　determine　the　size　of　compressive＆rea　in　the　pier　section，ill

this　calculation，the　depth　of　conlpl。essioll　area　at　the　uIthnate　state量s　used（horizontal

load＝210kN，vertical　loa（1ニB5kN）．

Then　fo110wing　the　procedure　ill　section7。3．4，this　truss　system　of　specimell　C－1is

analyzed。In　the　study，the　finite　element　analysis　program，MARC，was　used　to　carry

out　the　analytical　work　since　the　system　was　statically　indeterminate　to　the　high　degree

and　it　would　take　time　to　solve　by　hand，
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Fig.7. 1 1 Dimensions of the struts used for calculating the cross-sectional areas. 

7.4.2 Specimen C-2 

In the analysis of specimen C-2, the calculation procedures described in section 7. I to 

7.3 are also followed. The major difference between this specimen and specimen C-1 is 

that in this speclmen, the lateral girders were added to encase the connectlon concrete. 

The force transfer mechanisms previously derlved for this speclmen In Chapter 6 is as 

shown in Fig.7, 1 2. 
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:,: ' 

(b) Distributions of the (a) Distributions of the (c) Distributions of the (d) Distributions of the 
main girder's main girder's main girder's main girder's via 

compressions (]eft & compression (left) to the compression (ri**ht) to lateral girders to the 

right) to the connection connection concrete the connection ' connectlon concrete 
concrete bounded by 

flanges and stiffeners 

Frg 7 1 2 (b) Folce tiansfel mechanlsms Inslde connectron conciete of specimen C-2. 

(established tO resiSt main girder'S forces) 

Again, to simplify the analysis with strut-and-tle model, all of struts are di¥'ided into 3 

portions where portion no. I in every strut stands for the strut located nearest to the maln 

girder (e.g., 11, 21, 31), and portlon n0.3 is for the outmost strut (e.g., 13, 23, 33). 

Moreover, to further reduce the complexify of the model, it is assumed that the studs on 
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the lateral girder will rigidly hold the concrete with the iateral girder and the full 

composite action will be resulted. Based on this assumption, the transformed sectlon 

method is applied to determlne the cross-sectional areas of the lateral girder strut series 

1 and 2 (1 l, 12, 13, 21, 22, and 23). These transformed areas of steel are then added to 

the cross-sectional areas of concrete struts in series I and 3, respectively. 

The other dimensions of struts are determined by imposing the same assurnptions as 

used for specimen C- I . Another change that makes this model different from the 

strut-and-tie model of specimen C- I is the addition of compressive forces distributed 

from the flanges of the main girder. In specimen C-1, the compressive forces in the 

flanges are transferred straightforwardly to the portion of flanges located inside the 

connection without any dlstribution to the surrounding concrete, only the compressive 

forces from the web will be spread out laterally to the connection concrete. The 

externally applied forces in this system are illustrated in Fig.7. 1 3 (a). 
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Fig.7. 1 3 (b) Truss analogy representing force transfer mechanism in specimen C-2 

(with reaction forces at nodes) 

Fig.7,13(b) shows the complete truss analogy of composite connection type C-2. The 

analysis of the truss system is carried out by using finite element analysis program. This 

analysis is the one-step type that is to find the equilibrium of the system only at the 

ultimate state (horizontal load = 210 kN). After reaching the equilibrium, the forces in 

all strut and tie members are be determined. 

7.4.3 Specimen C-3 

By following the same calculation procedures as those for specimen C-1 , and C-2, the 

strut-and-tie model for specimen C-3 Is analyzed. All of the external forces applied to 

the system are calculated at the ultimate state. As the ultimate load is given, all bearing 
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areas　ln　the　comlection　where　the　compressive　forces　are　trallsfer亘噂ed　to／from　can　be

predetel・mined．The　strut－and－tie　model　of　this　specimen　is　shown　ill　Flg．7．14．This

system　of　strut－and－tie　is　differellt　fi・om　that　of　specimell’C－21n　such　a　way　that　there　is

an　additiollal　group　of　trusses　fomled　ill　a　rectangular　shape　with　the（iiagonal

components　joining　the　comenlodes　together．This　group　of　trusses　represellts　the

diaphragln　that　lhlks　the　lateral　gird6r　oll　tens量on　al1（1colllpression　side　togetheL　One　of

thediagonaltrusses1●unningfromtoP－righttobottom－leftbehaveslikeacompression

strut．lthelpsthesurr・undingcohcretestrut（c・ncretestrut22and23）carl乙ythe

compressive　force　f1・om　the　top－right　to　the　bottom－left　comers　of　the　connectioll．The

other　wilI　resist　the　tensile　forces，出us，behaves　Iike　the　tie　membeL　The　dimensions　of

the　diaphragm　struts　and　ties　are　determined　based　on　the　assumption　that　if　the　failure

occurs　in　the　diaphragm，all　of　the　struts　and　ties　representillg　this　plate　wiH　be　y圭elded

simultaneously．The　contribution　of　diap盤ragm　in　resisting　force，to　the　surrounding

concreteistakenintoaccountbyprovidingthediaphragm’strusssystelnoverlapPingon

the　concrete　strut23and33，The　behavior　of　this　plate　can　be　conflrmed　by　the　strain

distribution　on　the　diaphragm　measured　in　the　experimellt．The　other　point　that　should

be　noted　here　is　that　the　lateral　distribution　of　compressive　force　from　the　web　of　the

maill　girder　will　not　arrive　the　concrete　located　beyond　the　diaphragm．It　is　because　the

diaph1・agm　will　block　this　effect　out，Fig。7。14（bb），and（bc）．

After　the　flow　directions　of　forces　w三thin　the　connection　have　been　made　clear，the　next

step　is　to　determhle　the　dimensions　of　the　stluts　and　ties。The　cross－sectional　areas　of

struts　and　ties　call　be　computed　in　a　normal　way　as　done　previously　fol’specimen　C－l

and　C－2．SimHar　to　the　specimen　C－2，the　cross－sectional　areas　of　collcl・ete　strut　series　l

and3wlll　be　combined　with　the　cross－sectional　areas　of　the　lateral　girder　strut　l　and3

by　the　t1・allsformed　section　method。As　wel1，the1nclined　concrete　stlut22，and23will

take　the　strengthening　effect　from　the　dlaphragm．Therefore，the　cross－sectioaal　a1・ea　of

these　concrete　struts　will　be　increased　by　the　transformed　area　of　the　diapぬragmラs

compl’essivestrut・

Hav1ngdefinedtheextel。nalforces（identicaltotheextemalforcesapPliedtospecimen

C－2），represented　all　struts　alld　ties　with　the　truss　members　with　the　predetermined

cross－sectiollal　dimensions，and　joined　them　to　be　a　system，the　consecutive　step　is　to

conduct　the　truss　analysjs、Finite　elemellt　allalysis　progr＆m　is　used　in　the　computa亡ion．

Evenmally，all　unknown　forces　in　the　system　are　solved．
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Fig.7. 15 (a) Truss analogy representing the force transfer mechanism in specimen C-3 

(with the indications of externally applied forces) 
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7.4.4 Specimen C-4 

This type of composite connection is designed with the ob_jective to laterally distrlbute 

the forces that usually concentrated at the viclnity of the main glrder by adding the 

diaphragm with top flange, and removing the top flange of the main girder. In this 

specimen, there is no stud installed on the lateral girder as in case of specimen C-2, and 

C-3. The force transfer mechanism in this specimen is as shown in Fig. 7, 16. Based on 

this mechanism the strut-and-tie model is constructed. The dimensions of ail strut and 

tle members are pre-determined using the same method as that used for specirnen C-1 

C-2, and C-3. 

In this specimen, since the stud does not exist on the lateral girder, the composite action 

with the adjacent concrete does not take place. Therefore, system of truss in this case 

consists of the additional lateral girder stilJ:t 1, 2, 3, and 4 that help transfer forces from 

the pier to the main girder, Fig.7.16. In addition, as included in specimen C-3, the 

rectangular-shaped truss system is added to the connection's truss system as to simulate 

the effect of the diaphragm. 
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16 (a) Force transfer mechanlsms inside the connection concrete of specimen C-4. 

(established t6 reslst the pler's forces) 
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Fig.7. 17 (b) Truss analogy representing force transfer mechanism in specimen C-3 

(with reaction forces at nodes) 

With the same finite element analysis prograrn, MARC, the truss system shown in 

Fig.7. 17 is analyzed. It is noted that since the distribution of forces from pier to the top 

of the connectlon is of the same pattei'n as that shown in Fig.7.9, Iarger force is, 

therefore, distributed laterally. It is because on the compresslon bearing zone which is 

laterally deviated (top flange of the diaphragm), there is a group of studs welded on. 

This additlon of stud causes the cross-section area of strut that carries the compression 

force onto the top flange of diaphra_~m increased. Therefore, this stronger strut will take 

relatively larger forces than the other struts including the central one in this specimen. 
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7.5 Coml]arison between Forces in Reinforcing Bars 

and from Prediction with Strut-and-Tie Model 

Obtained from Experiments 

So as to prove the applicability of the force transfer mechanism proposed in Chapter 6 

to the strut-and-tie model, the distributlon of forces In reinforcing bars predicted with 

the strut-and-tie model are compared with the value obtained from the experiments. To 

achieve this, in the truss system, all of the reinforcement ties are assumed to have a 

fixed displacement condition at the top ends. Then, in the analysis, the axial force in 

every reinforcing bar is computed. The comparisons between the calculated values of 

forces in reinforcing bars and values obtained in the experiments are shown in Fig.7. 18. 
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Fig.7. 1 8 Comparisons between forces In reinforcing bar computed in truss analysis and 

the values obtained from ~xperiments (at horizontal load = 210 kN) 
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Fig.7. 18 Comparisons between forces in reinforcing bar computed in truss analysis and 

the values obtained from experiments (at horizontal load s 2 10 kN) (cont.) 

From the plot, it can be seen that foi' specimen C-1 , C-2, and C-3, the calculated values 

agree well with the experimental results except the middle bar of specimen C-3 that 

shows larger force than the experimental value. This might be due to the assumption 

used in determining the struts and ties that represent the diaphragm plate. Some 

dimensions of these struts and ties might be too large. Therefore, when it Is subjected to 

shear-liked forces, the ITiember which is jointed at the same node as the top node of 

reinforcing bar tie will contribute excessively large upward force to the node. 
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For specimen C-4, the predicted forces are relatively low compared to the experimenta] 

results. This might be caused by the imperfection in determlning the dimensions of 

struts representing the conti'ibution of the lateral girder. Idealizing as the polnt load is 

applied on to the cantilever lateral girder, the compression and tension areas at its fixed 

end could be computed. This point load is the tensile force from pier that is transferred 

to lateral girder via the diaphragms. The compression and tension areas are then used as 

the area'of lateral girder's struts, In the analysis, this assumed dimension might be too 

small. So the compression force from the pier, instead of being transferred to the tension 

side at a･ right proportion, it is distributed more to the other struts located on 

compression side. Therefore, the tensile follces in reinforcing bars become smaller than 

in a real case. 

7.6 Composite Connection Design 

For a design purpose, in this section, some design considerations are given in the first 

place. Then the strut-and-tie models derived based on the force transfer mechanisms are 

simplified. Consecutively, the procedures are suggested for designing the relevant 

connection components, such as lateral girder and diaphragm. The following chart 

shows the flow of the:;e design works. _ 

Determination of connection layoul based 

on suggestlons in "Dcsign Considerations'* 

~
 

Calculation of externa] forces acting on 

composite conneclion 

~
 

Derivation of force transfer 

mechanism 
~
 

Truss analysis for computing internal 

forces in slrul-and-tie mode] 

~
 

Design ol' conneclion components, such as. 

lateral girder, and diaphragm 

Fig.7, 1 9 Composi.te connection design procedures 
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7.6.1 Design Considerations 

Frorn series of experiments, behavior of composite connections with different designs 

could be observed. The results from tests as well as those from analysis were used to 

derive the force transfer mechanisms. Then the strut-and-tie model was constructed in 

order to compute the internal forces within the connection and to verify the va]idity of 

the mechanism, 

In practice, the structure are generally designed such that the failure will not occur 

primarily inside the connection but in the conjoining member, or more specifically 

speaking, the pier. However, from the results of strut-and-tie analysis, it was found that 

in specimen C-1, crushing of connection concrete also occurred at the ultimate state. It 

leads to the excessive i'otation of the connection and the lower ultimate load carrying 

capacity compared to the other specimens. Therefore, in the proper design, to prevent 

this kind of detrimental phenomenon in the connection, some points that worth taking 

into consideration are given as follows. 

7.6.1.1 Stress Concentration at Vicinity of Main Girder 

Fig.7.20 illustrates the locations where the concrete is highly stressed in specimen C- I . 
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Fig.7.20 Stress concentration at vicinity of the main girder in speclmen C- 1 

On compression side, the pier's compressive force posslbly becomes concentrated at the 

bottom ffange of the main girder. On tension side, only the top ffange of the m'ain _*ajrder 

will carry the entlre pier's tensile force. Therefore, the concrete in these zones is likely 

to be crushed by the high stress concentration. In addition, since flange of the maln 

girder will also be subjected to high stress, in design, the strength of the welded joint 



140 

should be carefully checked. In specimen C-4, as, inside the connection, the top flange 

of the main girder is removed and the others are added on the top of the diaphragms, 

thuS the stress concentration should also be checked at vicinity of the diaphragm's 

flange on the tenslon side. 

7.6.1.2 Transverse Tensile Force in Compressive Strut 

~he damaging effect may occur due to an excessive tensile stress in transverse direction 

of strut. This transverse stress may cause the diagonal tension crack in strut and reduce 

the strength of connection. The locations that are prone to this phenomenon are, 

concrete strut series I on compressicn side, inclined concrete strut series 2 at the middle 

of the connection, the concrete strut series 3 on tension side, and strut 4 which is located 

at vicinity of the main girder. 

7.6.1.3 Roles of Connection Components 

Accordingly to the magnitude of externally applied forces and the predefined 

dimensions of the connection, the behavior of connection can be predicted by some 

analytical methodologies, such as, finite element analysis or strut-and-tie model. If the 

concrete alone can safely carry the compi'essive forces in strutl, 2, 3, and 4, the 

connection may be designed as simple as specimen C-1. However, if it cannot carry 

such forces, the lateral girder may be added so that the forcL)s will be better distributed 

throughout the connection and the concentration of stress at vicinity of the main girder 

may be avolded. In addition, in case that the pier is rather wide comparing to the w,idth 

of the main girder, adding diaphragms will help strengthen the lateral girder, thus, more 

forces will be carried by the connection components located farther away from the main 

girder, as a result, the concrete around the main girder will not be overly stressed. 

Another alternative design is as that of specimen C-4. By distinguishingly arranging the 

ccnnection components, the force transfer mechanism is differed. A proper arrangement 

can greatly reduce the problem of stress concentration thus reduce the potential local 

detei'ioration inside the connection. In specimen C-4, forces fi'om pier will be 

transfei'red to the main girder mainly via the lateral girdei~ especially on the tension side. 

Since tensile force fronri pier Is resisted mostly by the dlaphragm's flange, thus, in this 

type of connection, the concrete stress at vicinity of the diaphragm's flange should 

rigorously be checked. As well, the strength of lateral girder should be appropriate]y 

designed as it Is the only component which carries forces from the pier to the main 

girder particularly on tension side. 
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Fig。721Locations　where　high　stress　is　expected　in　specimen　C－4

7．6．2Determination　ofExtemal・Forces　Appl責ed　to　Con睡ect韮on

Considering　tりe　connectioll　as　the　system，the　extemal　fol’ces　applied　to　the　system　can

be　divided　illto　two　parts1’egarding　the　sou1℃e　of　force。These　two　groups　of　forces　are

forcesfromthepie1『andforcesfromthenlaillgirder，Forcesinthesegroupsconsistof

nexuralcompressionandtellsion，andshearforces．Aquantitativedetermillationof

these　fol℃es　is　as　described　eal・lier　ill　sectio117．3．

7．6．3Truss　Ana且ysis　and　Its　Slmplifications

The　simulation　of　the　fo1℃e　transfer　mechanism　within　the　composite　connection　by　a

system　of　truss　members　was　shown　previously　in　section7。4．However，if　the　main

p皿pose　is　only　to．roughly　predict　the　behavior　of　a　newly　designed　connection　at　the

ultimate　state，it　may　be　illconvenient　to　conduct　the　analysis　of　the　full　model　due　to　its

complication。Therefore，the　simplified　mo（1els　are　p1’oposed　in　this　section．Tぬe

simplified　models　for　specimen　C4and　C－2al●e　as　shown　in　Fig，7．22and7．23．hlstead

of　dividing　the　comection　into　three　parallel　portions　as　in　the　full　mode1，the　fbl℃es

whlch　flow　in　the　same　direction　al噛e　repl’esente（i　by　only　one　now　path　o1・only　one

truss　membeL　The　cross－sectional　area　of　this　representative　member　is　assumed　to　be

equal　to　a　summation　of　areas　of　all　three　members　that　run　along　the　similar　path．

Ad（iitionally，this　member　is　relocated　at　the　center　of　a11three　membe1・s。By　doing　so，

number　of　truss　element　ill　the　preliminary　analysis　call　be　reduced　to　app1’oximately

one－t紅ird　of　the　original　amoしmt　in　the　full　modeL　This　simplified　truss　model　can

predlctexactlythesallletotalforcesinthetmssmembers，forexampie，oncompression

side，the　same　reaction　f1’om　the　main　girder’s　bottom　nange，as　well　as　on　the　tension

side　where　the　similar　react重on　force　from　the　mahl　girder’s　top　flange　is　predicted．It

should　be　noted，however，that　fol・the　connection　which　posses　the　complicated　fo1℃e

transfer　mechanism　Iike　specimen　C－3，it　is　not　appropriate　to　conduct　the　simplified

tl●uss　analysis，This　is　because，mer9垣g　three　compression　strut　or　tension　tie　together
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wiII　change　the　effec重ive　location　of　the　diaphragm，thus，the　contribution　of　the

dlaphragm　might　be　wrongly　predlcted．This　hlaccurate　simulation　will　lead　to　a

siglliflcantdiscrepancyi1賞hepredictiollofthecolmectiollヲsbehaviorattheulthllate

state．Furthermore，by　coHapsing　three　members　into　one，the　non－miform　distributioll

offorcesinthel＆teraldirectioncamotbereproduced．Hellce，thestressinstrutlaid

near　the　main　girder　may　beしmde1’estimate（i，while，ill　strut　located　far　from　main　girder，

the　predicted　stress　may　become　too　high，For　example，in　the　inclined　str賢t　series2，

stress　in　strut21might　be　underestimated　and　the　stress　in　strut23　would　be

・verestimated・ltissuggestedthatthesimplifiedm・de！sh・uldbeused・nlyt・r・ughly

check　the　capability　of　the　newly　designed　comlectiol1．・After　coming　up　with　the　most

apPropriatedesign，thefullmodelshouldbecollstructedand＆nalyzedtogetthemore

reliεしble　results。
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Fig.7.23 Simplified truss model of speciinen C-2 

7.6.4 Designs of Connection Components 

To satisfy the ulthnate strength requirements (no failure within the connection), the 

connection may be strengthened with some additiona] components such as the lateral 

girder, and the diaphragm. The suggestions for deslgns of these two components are 

~iven in Table 7. I . 
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Table 7. I Suggestions for design of lateral girder and diaphragm 

7.7 Conclusions 

In this chapter, the force transfer mechanisms proposed for s pecimen C- I , C-2, C-3, and 

C-4 are applied to construct the strut-and-tie model. The mechanisms suggest the flow 

paths of forces within the composite connectlon and determine the posltions of the strut 

and tle members in the system. Accordingly to the proposed calculation procedures for 

strut-and-tie model, the dimensions~ of the strut and tie members are determined. These 
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members' dlmensions along with the assumption of elastic material propertles, are 

implemented to the truss elements which represent the struts and ties in the model. By 

vsing the Finite Element Analysis prograll], the truss anaiysis is carried oL]t. Comparing 

to the three-dimensional nonlinear analysis of this type of structure, the calculation time 

is considerably reduced due to the simplicity of the model. The result from truss 

analysis is then cornpared with the experimental result in terms of forces in reinforcing 

bars. A fair agreement could be observed in the case of specimen C-1, C-2, and C-3. 

Howevel~ for specimen C-4, the underestimated result is obtained from the truss 

analysis. This might be due to the inappropriate assumption used for detennining 

dimensions of truss members that represent the lateral girder. It is also noted that with 

the method proposed by Siao [70], the transverse stress in the compressive concrete 

struts are calculated. Nevertheless, it was found that the tensile stresses did not reach the 

cracking limit in any concrete struts except the one located at vicinity of the main girder 

(strut 4 in specimen C- 1), while in the experhnent, at the ultimate state, the cracks could 

be observed on the connection surfaces of specimen C- I . This might be due to the 

inappiicability of the stress prediction method by Siao, or it is possibly due to the 

inappropriate assumptions used to determine the dimensions of strut and tie members. 

Another behavior of the connection that can be predicted by the strut-and-tie model is 

the stre.~s concentration at the vicinity of the main girder. In specimen C-1, at the 

top-ieft node oi- the top end of cancrcte strut series I , Fig.7.8, the force becomes 

concentrated in this zone. From the strut-and-tie calculation, the stress at this position is 

equal to 0.0574 kN/mm2. Comparing to the concrete strength under multi-axial load 

computed using the equation derived by A. Muttoni, et al.[l], and assuming that the 

confining stress is one-fifth of the major stress, fc' = 0.06041 kN/mm2, the stress in this 

zone is much closed to compressive sti'ength of concrete. Thus, at the u]timate state, the 

concrete in this zone is possibly crushed. The softening of concrete will reduce the 

rotational resistance of the connection and the connectlon concrete will be twlsted apart 

from the main girder. It was also observed in the experiment of specimen C- I that 

durlng approaching the ultimate state, the dlsintegration bet¥1veen the concrete and steel 

girder at the connection occurred. Foi~ specimen C-2 and C-3, since there exist the 

lateral girder connected to the concrete, the force in this zone will be partly carried by 

the lateral girder and transferred to the main girder. Therefore, at the bottom of strut l 

and at the top of strut 2, the stress In concrete will be reduced. By using the transform 

section method, the prcportion of force carried by the latera] girder can be calculated. 

Stresses on the bearing area of concrete in specimen C-2 is ac = O_0433 kN, and in 
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specime【1C－3is，σc＝O．0347kN．It　is　obvious　that　s亡ress　becomes　Iess　concelltrated　at

this　location　when　the　lateral　girders　are　added，thus，these　two　specimens　are　Iess　prone

to　the　stress　collcentratioll　probIem　that　may　fhlally　lead　to　an　excesslve　rotatioll　of　the

comectionlikeinspecimenC－LForspeci11・enC－4，although，theresults倉om

strut－and－tie　model　is　not　correlated　well　wlth　the　experimenta11●esults，qualitatively，it

can　be　concluded　based　on　the　force　transfer　mechanismthat，on　tension　side，the　force

will　be　transfe1Ted　to　the　main　glrder　only　by　the　lateral　girder　strut2，Fig．7．16．，thus

care　must　be　taken　in　designing　the　thickness　of　Iateral　girder。011the　compression　side，

the　compresslve　force　from　pier　will　be　partially　transferred　straightforwardly　to　the

bottom　f1＆nge　of　the　main　gi士der，and　the　rest　to　the　bearing　area　on　the　flange　of

dlaphragm。The　later　portion　of　the　compressive　forces　will　be　conveyed　further　to　the

maln　gir（ier　via　the　late1・al　girder．So　compa1’ing　to　spedmen　C－1th¢　stress

concelltration　on　the　compression　side　will　be　less　severe　due　to　the　existence　of　the

lateral　girdeL　Notation　is　given　here　that，i簸pract量ces，the　reparation　of　lateral　steel

girder　will　be　easier　than　to　let　the　local　failure　occur　in　concrete　and　repair　iL　Ids　due

tothefacttha曲econcreteisencasedinsidethelateralgirderitwillbedifficultto

assess　the　failure　and　properly　fix　it．This　shows　the　bellefits　of　using　type　C－4design．

For　the　design　works，the　simplified　strut－and－tie　mode量s　are　derived．In　these　modeis，

．the　numbe星’of　truss　elements　is　reduced　to，at　most．one－third　of　the　full　mode1．It，

therefore，helps　save　tlme　while　the　designer　is　trying　to　find　the　optimum　arrallgement

of　the　connection　components。However，it　is　suggested　that　after　the　collnection

componellts　and　their　positions　were　finalized，the　full　truss　model　should　be

constructed　alld　analyzed，It　is　because　with　the　simplified　model，the　non－uniform

distribution　of　forces　in　lateral　direction　cannot　be　determined，Therefore，the　illtemal

forces　of　some　strut　and　tie　members　may　have　been　elther　overestimated　or

underestimated．Finally，some　considerations　as　well　as　suggestions　for　composite

comectiondesignaregivenintheiastsectionofthischapteL




