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摘要 

 

     目前本局正辦理高速公路後續路段橋梁耐震補強之規劃設計，從前期國道橋梁耐

震補強之執行經驗及統計結果，基礎補強所需費用最高，施工最為困難，對地方道路之

交通及河川公地影響也最大，期望藉由此次研習機會蒐集美國橋梁耐震補強策略、材

料、工法、技術等新知與資料，作為國內橋梁耐震補強參考，若能在符合耐震安全標準

下，儘量減少基礎補強，將可有效降低施工經費並縮短補強工程期程。 

     我國部頒橋梁設計規範主係參考美國AASHTO規範修訂，其中加州為美國地震最頻

繁地區，經常有大地震發生。加州運輸署 Caltrans管轄之橋梁共計2萬5千（雙向分開計

算）餘座橋，計有員工約2萬人，負責加州橋梁自辦設計、監造、檢測及維修與耐震補

強設計，其橋梁耐震設計與補強作為向來居於領先地位，且與本局訂有技術交流協議。

筆者於 105 年5月下旬獲人事室通知經奉局長推薦代表本局參加105年度交通部選送人

員赴國外專題研究，須於本年7月31日前將出國專題研究執行計畫書函報交通部，且出

國日期不得超過本年8月31日，因事屬突然時程緊迫，經與美國加州運輸署以電子郵件

積極聯繫結果，同意安排約12週之研習課程，內容包括結構策略與創新、耐震設計及標

準、材料工程及試驗、施工實務及經驗回饋、橋梁災損緊急應變作為、施工查驗等作業

實務研習與交流。其中6週安排於加州洛杉磯運輸署辦公室，進行橋梁結構補強設計研

習並參與實際設計作業，研習相關契約執行計畫，耐震設計標準制訂、強震儀器和耐震

設計支援實務作業。後續6週再到北加州沙加緬度運輸署總部工地及附設之實驗室進行

現場觀摩實習與技術交流，包括專門的實驗室和現場測試和檢驗觀摩實習、大地工程研

習、土壤和岩石現場調查、岩土地震工程、基礎的建議、基礎設計和施工支援、邊坡滑

動、落石，及橋梁沖刷和地震破壞的災損緊急應變作為觀摩實習。藉由前往加州吸取橋

梁耐震補強策略、材料、工法、技術等新知，及相關延長橋梁壽命之新技術，期能回饋

至國內，提昇國內高速公路橋梁耐震補強工程技術，達成國家整體防災計畫之永續發展

總目標。  
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壹、目的 

      

     高速公路為我國交通動脈，屬於國家交通關鍵基礎設施，為政府推動國家關鍵基

礎設施防護（CIP）中重要的一環。目前，全球各國對於地震仍無法事先預測與阻止其

發生。但對道路橋梁而言，補強工程確實可加強其對地震之抵抗力，不僅在地震來臨時

能減少橋梁的損害，還可在救災時發揮緊急運輸的功能。因此，歐美及日本等先進國家

的地震防災策略，偏重於考量生命線工程系統的風險管理理念，若有需要或能力可及，

對高速公路橋梁的耐震補強工作皆不遺餘力。本局於民國88年921集集大地震後，考量

高速公路為交通大動脈，為防範於未然，即積極研提建設計畫爭取經費，分階段逐年推

動國道橋梁耐震補強工作。對於不符合最新耐震規範之橋梁進行補強，以期日後大地震

侵襲時，能減少損害、避免傷亡。提供經濟發展所需之高安全性基礎交通建設，達成整

體防災計畫『永續發展』總目標，並建構高效率的地震救災緊急道路系統。 

     目前本局已完成第一期工程之國道1號及國道2號全線，及第二期工程第一優先路段

之國道3號北部汐止至香山路段及南部部分路段橋梁耐震補強工程，總計已完成國道

1,155座橋梁之耐震補強工程，完成耐震補強之橋梁均已符合交通部頒最新耐震規範。其

餘尚未辦理耐震補強之國道橋梁尚有1,169座，已於104年11月奉行政院核定辦理「高速

公路後續路段橋梁耐震補強工程」建設計畫，該補強工程計畫分3個區段辦理，目前刻

正辦理區段1之規劃設計中。從前期國道橋梁耐震補強之執行經驗及統計結果，基礎補

強所需費用最高，施工最為困難，對地方道路之交通及河川公地影響也最大，期望藉由

此次研習機會蒐集美國橋梁耐震補強策略、新材料、新工法、新技術等新知與資料，作

為國內橋梁耐震補強參考，若能在符合耐震安全標準下，儘量減少基礎補強，將可有效

降低施工經費並縮短補強工程期程。 

 

貳、過程 

一、 行程安排 

    我國部頒橋梁設計規範主係參考美國AASHTO規範修訂，其中加州為美國地震最頻

繁地區，經常有大地震發生。加州屬加州運輸署 Caltrans負責加州橋梁自辦設計、監造、

檢測及維修與耐震補強設計，其橋梁耐震設計與補強作為向來居於領先地位，且與本局

訂有技術交流協議。筆者於 105 年5月下旬獲人事室通知經奉局長推薦代表本局參加105
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年度交通部選送人員赴國外專題研究，須於本年7月31日前將出國專題研究執行計畫書

函報交通部，且出國日期不得超過本年8月31日，因事屬突然時程緊迫，即刻與美國加

州運輸署以電子郵件積極聯繫結果，同意安排約12週之研習課程，內容包括結構策略與

創新、耐震設計及標準、材料工程及試驗、施工實務及經驗回饋、橋梁災損緊急應變作

為、施工查驗等作業實務研習與交流。其中6週安排於加州洛杉磯運輸署辦公室，進行

橋梁結構補強設計研習並參與實際設計作業，研習相關契約執行計畫，耐震設計標準制

訂、強震儀器和耐震設計支援實務作業。後續6週再到北加州沙加緬度運輸署總部及附

設之實驗室進行現場觀摩實習與技術交流，包括專門的實驗室和現場測試和檢驗觀摩實

習、大地工程研習、土壤和岩石現場調查、岩土地震工程、基礎的建議、基礎設計和施

工支援、邊坡滑動、落石，及橋梁沖刷和地震破壞的災損緊急應變作為觀摩實習。藉由

前往加州吸取橋梁耐震補強策略、材料、工法、技術等新知，及相關延長橋梁壽命之新

技術，期能回饋至國內，提昇國內高速公路橋梁耐震補強工程技術，達成國家整體防災

計畫之永續發展總目標。 

二、 研究實習內容 

1. 橋梁檢測維修與災後應變 

    加州是美國面積第三大的州，僅次於阿拉斯加及德州。根據2015年的统計數據，加

州GDP占全美的13.79%，達24,585億美元，為全美最高，若將其算成一個國家，則其GDP

僅次于美國、中國、日本、德國、英國，是世界第6大經濟體，超過了法國。人均GDP

為56,365美元，在全美各州中名列第12位。加州運輸署（簡稱Caltrans）位於加州首府

Sacramento，其使命是提供一個安全，可持續，綜合和高效的交通系統，以加強加州的

經濟和宜居性，有六個主要項目：航空，公路運輸，大眾運輸，交通規劃，行政和設備

服務中心。負責管轄加州總長8萬多公里之高速公路、公路與鐵路，計有員工約2萬人，

負責加州公路及橋梁自辦設計、監造、檢測及維修與耐震補強設計。Caltrans結構維護和

調查單位Structural Maintenance and Investigation（SM＆I）擁有200名經過專門培訓的工

程師，技術人員和行政協助人員負責對12,000多座州屬公路橋梁和當地政府機構擁有的

約12,200座橋梁進行檢查，進行結構工作維修建議，確定所有橋梁的安全承載能力。每

座橋梁都經過由具有橋梁專業知識的持照工程師定期進行的定期檢查。 大多數檢查每

兩年進行一次。 跨越水道的鋼橋梁和結構得到額外的關注，由具備特殊（Fracture 

Critical）及水下橋檢隊，檢測包括鋼構元件和水下橋梁結構元件。 所有檢查都有一個

目的：確保每個開放交通的橋梁的安全性和可靠性。每年依照聯邦公路總署制定之橋梁
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檢測標準辦理橋梁檢測，檢測橋梁數量包括州及地方橋梁每年12000座以上。Caltrans每

年花費約4.5億美元用於橋梁維護、檢查，其中大部分費用來自州高速公路營運和保護計

劃the State Highway Operation and Protection Program（SHOPP）。在橋梁檢測方面，加州

規定必須有註冊專業執照者，方可執行此任務，且需為專職，目前具專業執照之橋檢人

員，以兩人為1組檢測完所有年度排定橋梁，並有專人負責抽查品管，再接受聯邦公路

總署支複查。與國內目前尚無需執照制度大大不同，應可提昇檢測專業水準及檢測成果

之可靠度，此外國內工程師橋梁檢測僅為其工作之一部份的現象甚為普遍，實有增加人

力的必要，使其可專職辦理橋檢業務以利實務經驗之累積提升檢測品質。也可以使工程

師對於所負責維管之橋梁能更為熟悉，可確實掌握維管橋梁之耐震易損性與特性，於震

後可迅速動員經高度訓練與專業經驗之工程師來投入評斷橋梁之安全性並進行必要之

緊急處置。此外，加州之橋梁大多數於設計建造時即有考量日後檢測及維修之可及性，

對於較高橋墩上有裝設電梯等上下設備，並於上部結構設置檢測維修走道，減少檢測維

修之困難。此外Caltrans在2008年曾經嘗試發展線控的飛行機器人來輔助橋梁檢測。 

（如圖一~二） 

     

 

圖一 
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圖二 

 

加州橋檢頻率除災後特別檢測外，依需要分為三類： 

（1）Routine定期檢測，依橋梁之實際狀況可彈性調整每2至4年一次，主要為掌握橋梁

結構之健全  度、及早發現並評估造成功能減低之損傷及其原因，而於定期接近橋梁結

構物實施之檢測。，其主要工作為：基本資料之收集、狀況評估、工作建議、照相、撰

寫檢測報告。 

 （2）Fracture Critical斷裂臨界檢測，是設計為具有很少或沒有載荷路徑贅餘度的結構 

 ，當有主要荷載構件損傷破壞時即可能造成整體橋梁之崩落破壞，加州有238座斷裂臨

界橋梁在州屬高速公路系統。Caltrans有一個斷裂臨界檢驗單位，使用專門接進和非破壞

檢測設備識別任何潛在的徵兆，即使那些人眼不可見的。以檢測儀器針對有裂損或其他

異狀之橋梁做較詳細之局部檢測，一般每2年一次。 

 （3）Underwater Inspection， 每5年一次以具專業檢測及潛水執照之人員潛入水中，檢

測橋梁基礎之各項狀況。 

    為利於橋面板之檢測，一般混凝土橋面上規定不鋪築AC（圖三），檢測若發現橋面

裂縫，影響橋梁長期之耐久性和承載力，進而滲水、鋼筋鏽蝕進一步劣化，更嚴重甚至

可能造成橋板破裂掉落，在加州高分子甲基丙烯酸酯（Methacrylate）經過十多年來多次

實驗測試及實作，目前已經被廣泛用作裂縫密封劑，加州用於涉及甲基丙烯酸酯在州屬

橋梁上的維修花費每年可達數百萬美元。 
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圖三 

 

    Caltrans於地震過後的重要任務之一是在每次地震後，快速評估加州之橋梁及道路所

受之影響衝擊，作為震後緊急決策及反應，以確保大眾安全並引導緊急救難車輛順暢及

重新評估檢視建立重要維生道路路網。Caltrans在這十數年來已展現出其改善之震後緊急

反應之應變能力（包含團隊和設備），CALTRANS結構部開發了一種程式化數據庫，具

有所有24,000個州，縣和城市橋梁的坐標存儲。CALTRANS可以生成整個狀態或任何部

分的映射狀態顯示橋梁，與主要斷層重疊的組合。這些地圖可以在電腦螢幕上查看或列

印供設計者在篩選中用於識別高風險橋梁。步驟是非常簡單的使用計算機數據庫來定位

所有公路橋梁狀態系統，定位所有地震斷層，然後確定這些結構處於高風險區。並發展

可快速於震後反應之工具“Shake Cast” 其主要特性為： 

（1）可在網路執行的軟體系統。 

（2）地震後數分鐘自動探索地震震動量數據和分析。 

（3）依據震動資料進行每座橋梁性能特性之相關分析。 

（4）自動提供最可能受影響衝擊橋梁之層次危害表及位置地圖。 

（5）地震後10至15分內將分析結果自動E-mail通知應變處置人員。 

（6）於“Shake Cast”網站上提供整套工具使用 

“Shake Cast”是建立在Shake Map上，此地圖是從分佈加州的1900多個地震震動偵測器提

供之數據並結合地質資料而創建，可顯示地面震動強度之地圖。這些地圖將提供詳細有
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關地震震央、地質特性、斷層位置及震度等相關資料，其精密資料遠超過一般媒體所報

導的。Shake Map利用先前輸入Map中之加州交通橋梁和公路庫存數據自動分析並提供參

數輸入Shake Cast，產生橋檢優先順序表，利用此系統可使Caltrans很快知道震後那些公

路或橋梁之潛在危險，可作及時救援反應。（詳圖四） 

 

     

圖四 

 

 Caltrans於地震後第一週，對地方單位及結構維護單位應辦事項分別如下： 

 地方單位 

（1）儘速消除民眾之恐慌。 

（2）儘速恢復電力、供水及通訊。 

（3）儘速改善交通。 

（4）因應需求程度及修復經費開始增加。 

（5）妥善規劃FHWA、總統、州長可能視察。 

結構維護單位 

（1）臨時支撐工作報告。 

（2）震後重覆目視檢查。 

（3）詳細檢測開始。 

（4）主要線路之橋梁恢復通車。 

（5）DES（Emergency Response Services）施工、設計人員於現場促進修復。 
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 總結：Caltrans持續以多種指標性方法改善其應變的能力，其方法如下： 

（1）應急準備和培訓。 

（2）改進評估及報告的方法。 

（3）利用可靠的技術及進步的軟體。 

（4）持續改進其設計及補強技術。 

（5）推行相關的研究案。 

     由於加州現有大部分橋梁其墩柱與上部結構箱型梁係以整體式之固接接合，無需再

設置連結上下部結構之支承墊，其伸縮縫一般係位於跨徑內之反曲點所設置外懸鉸接處

（如圖五一~八），橋梁震動單元屬於靜不定度較高、耐震性能較佳之剛構架系統，且於

震後可快速以目視方式檢測橋梁之狀況，評估橋梁之安全性。加州一般規定在大地震過

後除上述緊急處置作為外，需要在4週內提出橋梁檢測調查報告。  

 

 

 

圖五 
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圖六 

 

 

 

圖七 
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圖八 

 

 

2. 加州橋梁耐震補強歷史與策略 

     地震反應修正設備例如隔震支承、阻尼器或其他阻尼裝置和反力分散裝置等衝擊傳

輸裝置等設備，在被用於Caltrans橋梁之前必須先進行預認證並被認可為經批准的新產

品。  

     加州運輸署Caltrans維管之橋梁中有超過2/3約9千餘座是在1971年San Fernando聖費

爾南多地震之前設計的，在當時有關橋梁耐震性能僅有考慮6%垂直載重為測向載重且不

考慮結構非線性行為及韌性設計細節。結構韌性及損壞等知識尚在發展萌芽階段，在經

歷了1971 San Fernando規模6.6的地震，造成洛杉磯地區數座橋梁嚴重損壞後（圖九~十

五），橋梁工程師認識到橋梁結構耐震反應中細節和韌性的重要性，其後容量及韌性設

計的概念被慢慢納入1974年版設計規範中。當時橋梁設計主要特性為： 

 （1）墩柱設計通常只配置非常少的橫向鋼筋，一般間距為30公分且未考慮柱之尺寸及

強度。 

  （2）低估上部結構之位移量及設計載重，以至於橋台及外懸鉸接處伸縮縫之支承長度

不足，尤其是skew斜交角較大之橋梁。（圖十六~十七） 
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圖九 橋梁落橋 

 

 

 

 

 

圖十 橋梁完全崩塌 
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圖十一 橋柱頂剪力破壞 

 

 

 

 

圖十二 橋柱剪力破壞 
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圖十三 橋柱剪力破壞 

 

 

 

圖十四 橋柱主筋錨定長度不足破壞 
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圖十五 橋柱主筋挫屈破壞 

 

 

 

 

 

圖十六 斜交角較大落橋 
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圖十七 Skewed Vs Straight Bridges 

     Caltrans於震後開始執行橋梁耐震安全補強計畫，依據橋梁地震受損之教訓，把重點

置於單柱橋墩橋梁及活動端伸縮縫之改善補強，於伸縮縫加設防落設施或增加支承長

度，也對於最具耐震危險性的單柱式橋墩進行鋼板包覆補強增加柱子的撓曲韌性及剪力

容量。所有前述的補強於1989年完成，總計花費經費美金5,500萬元。而就在前期橋梁耐

震安全補強計畫完成之同年10月加州又再度發生規模達7.0的Loma Prieta大地震，造成舊

金山地區前所未有的橋梁破壞及生命損失，主要道路因部分橋梁倒塌而封閉（圖十八~

二十）。880號州際高速公路於奧克蘭Cypress Street雙層高架橋倒塌造成42人死亡；舊金

山到奧克蘭的海灣大橋其中一個跨經崩塌造成橋梁封閉30天，公路之關閉造成無法估量

之經濟損失及中斷。Caltrans依據橋梁地震受損的教訓加速進行新的橋梁耐震補強相關研

究與計畫，主要與加州大學柏克萊（UCB）及聖地牙哥（UCSD）兩個分校合作並且任

命之名之專家學者組成了地震諮詢委員會Seismic Advisory Board。並根據研究成果大幅修

正橋梁耐震設計標準，並依據研究成果及新的設計標準經耐震評估篩選了1039座州屬公

路橋梁進行耐震補強，稱為橋梁耐震補強第1期計畫，以防止橋梁在日後發生之地震中

倒塌或落橋。 
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圖十八 上部結構外懸鉸接損壞落橋 

 

 

 

             圖十九 雙層高架橋接頭剪力損壞落橋 
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圖二十 橋梁上部結構穿孔損壞落橋 

     1994年1月南加州北嶺Northridge發生了規模6.7的地震，造成7座州屬公路橋梁倒

塌，致洛杉磯西北部高速公路系統中斷，倒塌之7座橋梁中有5座已排定計畫需要進行耐

震補強，而其中2座橋梁經耐震評估認定不需要進行耐震補強，因此當時相關耐震評估

篩選程序經檢討仍有改進之必要。事實上，在此次地震中最大地表加速度（PGA）≧0.5g

之強震範圍內506座橋梁中，僅有2座橋梁遭到Caltrans耐震評估篩選程序誤判，這個評估

系統之可靠度實際上也算是難能可貴了。倒塌橋梁依設計及建造年份可概分為3組：第1

組有3座橋為1971年San Fernando地震以前設計及建造的橋梁；第2組有2作為1971年以前

設計但在1971年以後才建造；第3組2座則為1971年以後數年設計及建造的，但不符當時

1974年新修訂之耐震設計規範。其他許多橋梁在強震中受損但沒有倒塌，損害程度從輕

微裂縫及混凝土爆裂到更嚴重損壞需要封閉交通進行維修都有。在此區域內遭受強震橋

梁中依當時1974年新修訂之耐震標準建造或補強的橋梁，大部分均僅有輕微損壞，全部

橋梁均能維持安全正常通行。所有於此次地震受損之橋梁，從Northridge地震觀測之地殼

運動紀錄來看是屬於可預期及合理的，這些老舊橋梁其設計地震力遠遠小於此次

Northridge地震實際之地表運動，故橋梁損壞及倒塌均屬可以預期的。此次地震之橋梁倒

塌型式經調查基本上與1989年Loma Prieta及1971年San Fernando地震，老舊橋梁損壞型

式是一致的（圖二十一~二十四）。值得一提的是，所有依據1989年開始執行之第1期橋

梁耐震補強計畫完成補強之橋梁，在此次Northridge地震計有24座已完成耐震補強橋梁位

於強烈地表震動區域（PGA≧0.5g），另外60座位於最大地表加速度（PGA≧0.25g）區域

內，其耐震性能均表現良好，完成耐震補強橋梁其耐震能力遠遠優於未補強橋梁。經加

州地震諮詢委員會Seismic Advisory Board評估，這7座倒塌橋梁如有經過耐震補強，應該

可以僅有些微損傷而不會倒塌。 
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圖二十一 橋柱剪力破壞 

 

 

 

圖二十二 橋柱剪力破壞 

 

 

圖二十三 伸縮縫處鉸接破壞落橋 
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圖二十四 伸縮縫處鉸接破壞落橋 

     1994年Northridge地震以後，加州通過了在交通建設資源配置上耐震安全應置於最優

先之考慮，並加速辦理橋梁耐震補強計畫。Northridge地震時，幾乎所有單柱式橋墩橋梁

耐震補強都已完成，僅有少部分尚在施工中。而多柱式橋墩橋梁僅有7%完成補強。

Caltrans評估篩選1,155州管公路橋梁（大部分為多柱式橋墩），進行橋梁耐震補強，稱為

橋梁耐震補強第2期計畫。此外，規模較大及重要性較高之加州收費橋梁，因所需經費

龐大、規模及複雜性較高，耐震補強計畫進展較慢。但因這些橋梁之重要性，亦有必要

於下次大地震來臨前，完成耐震補強以避免損壞之風險，實有必要加速辦理。Caltrans

應評估篩選州內風險最高橋梁，儘速完成這些橋梁之耐震補強，以取代依橋梁分類來實

施橋梁耐震補強。 

     由Northridge地震中證明了Caltrans至今所辦理的橋梁耐震補強計畫及施工方法，對

於地震風險之降低效果顯著。Northridge地震對於Caltrans的耐震補強設計提供了很有價

值對於高強度及中度規模地震實際試驗，但尚不包含加州將來可能面臨較大之長歷時地

震。7座倒塌橋梁中有5座已經評估篩選，計劃計劃進行補強，而另外2座Misssion & Gothic

穿越橋及I18州際公路的Bull Creek Canyon穿越橋，則經評估不屬於高風險性，未排定計

畫進行補強。因此加州地震諮詢委員會Seismic Advisory Board建議Caltrans應對未包含於

第1期耐震補強計畫內之橋梁，重新以在各種強度地震中均應避免倒塌為主要目標，來

進行評估確認是否需要補強。依據1989年Loma Prieta地震後Caltrans所採行進化之耐震補

強計畫實施計畫是合理可靠的，惟橋梁對於較長持續時間之地震經耐震性能評估，顯示

仍有改進必要。Caltrans依據橋梁結構之易損性、地震風險及對經濟及社區之衝擊來分

類，評估補強優先順序。每一類別中之各元素及權重似有未妥，Caltrans優選排序之程序

應依最新地震獲得之教訓再檢討修正。重點應特別置於評估過程資料之品質，包括是否

有非韌性橋柱、現地地質變化、一序列橋梁或互相聯結高速公路網是否容存在容易損壞

之橋梁、其他特性及其權重亦應一併檢討修正。Caltrans橋梁設計標準分為重要橋梁及一
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般橋梁二種類別。重要橋梁其性能目標為能在大地震後經快速檢視後立即開放正常通

行；所有一般橋梁其耐震性能標準則為避免在大地震中倒塌，但允許有明顯損傷及提供

有限度的服務。然而只要涉及二次安全、經濟衝擊、或緊急使用等三種特性需求，將使

該橋分類提升為重要橋梁，所以橋梁之分類存在相當之灰色模糊地帶。Northridge地震

後，一般大眾反應及建議將更多橋梁從現行分類中提升為重要橋梁。Caltrans應重新思考

擴大定義重要橋梁及一般橋梁之合適結構耐震性能目標。日後地震風險評估應考慮橋址

區域受盲逆衝斷層及結構特性受速度脈衝等之影響。此次Northridge地震部分鋼梁橋之端

支承嚴重損壞，地震後有潛在風險，應加強鋼梁橋支承補強。 

     總結，預算、管理、法規和人事的限制是造成Caltrans在Northridge地震前，橋梁耐

震補強進度不如預期之主要原因。其主要牽涉到議題為： 

 （1）能夠動員的人員數量及其技術水準。 

（2）人員對合約管理及審查設計能力。 

（3）工地監造人員支能力。 

（4）如要加速辦理提高橋梁安全應再增加各項資源投入。 

3. 透過持續研究改進橋梁耐震設計 

    Caltrans耐震研究計畫的目標是確定公路結構的地震易損性，並開發解決這些問題的

工程解決方案。研究結果被納入到橋梁的耐震設計規範中，從而改善了耐震性能。Caltrans

在Loma Prieta地震後於1989年發起了一項高度優先的研究計畫。該計畫的主要目標是確

定公路交通結構的地震易損性，並製定解決這些問題的工程解決方案。Caltrans開始測試

橋梁部件，以確定其抗震改造的能力和可行性。這些部件包括：在擬靜態負載下測試的

不同的柱配置，基礎，抗彎柱帽，位移限制器和壁式橋墩。現在Caltrans使用更複雜的測

試技術測試新的橋梁設計與細節。這些技術包括振動台測試，可測試整體橋梁系統而不

是僅有橋梁構件。在1990年代，經由研究發現的成果實踐和開發更好的橋梁耐震補強工

程技術的發展，引導Caltrans於1999年出版新的橋梁耐震設計標準，然後在2001年和2004

年並再度更新。這些研究結果納入橋梁設計標準，以提高加州橋梁的耐震性能。 

    目前Caltrans耐震研究計畫的目標是： 

（1）推動適用的以問題為中心的地震研究項目的開發。 

（2）通過將研究結果納入Caltrans設計規範，指導材料和其他實施（從而提高運輸流動 

性，安全性，可靠性，性能和生產率），擴大研究結果的使用。 

（3）提高橋梁耐震設計和補強實務，通過擴大研究工作，並將研究結果納入實務。 
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（4）驗證新的設計技術。 

（5）驗證由工業引入的新材料/設備用於高速公路結構，以提高耐震性能。 

     在過去四十餘年中，加州和世界各地的地震提供了具體證據，使用舊的設計規範/

假設建造的橋梁易受地震的損害。對加州橋梁的研究揭示了以下易損性： 

  墩柱細節不適當 

  1971年之前Caltrans柱缺乏撓曲和剪力強度，這是由於不充分的圍束和搭接接頭。 

  墩柱之主筋延伸進入上部結構和進入基礎其發展長度不足。 

  擴頭墩柱的細節不適當。 

  壁式橋墩的細節不適當。 

  接頭剪力容量不足。 

 鉸接處支承長度不足 

 抗彎柱帽的剪力強度不足。 

 橋梁上部結構和橋台背牆之間的橋梁細節和間隙不足。 

 橋梁搖擺/支承的脆弱性。 

 現有基樁缺乏側向載荷能力。 

 基樁和樁帽之間的連接不足。 

 由於土壤側潰或液化導致之橋梁的脆弱性能。 

    Caltrans地震設計標準（SDC）（Caltrans，2013）要求橋梁具有可以形成塑性鉸的柱，

並且須具有足夠的韌性以承受甚至不可預期的大地震。這些橋梁中的大多數是現場澆築

墩柱與後拉法預力箱型大梁之整體性抗彎構架。這種類型的橋梁在承包商已積累模具的

同時，Caltrans在這種橋梁方面積累了經驗和信心，已在加州的高速公路佔據主導地位。 

由於Caltrans橋梁清單大多數均為抗彎構架橋梁。然而，這種類型的橋可能正在被加州淘

汰。聯邦公路總管理署（FHWA）推動加速橋梁工法（ABC）和下一代橋梁（NGB），

以加速橋梁建設，而不會破壞現有交通。另外，研究人員正在測試能夠保持相對完好的

橋梁，並且可以在地震後不久恢復使用。Caltrans地震工程處（OEE）正在幫助編寫

AASHTO耐震指南（AASHTO，2011），用於其他州使用，其重點是其他類型的橋梁。

最終在加州採用本指南可能很方便。所有這些影響可能最終改變加州的橋梁目錄清單，

伴隨著Caltrans SDC的變化，Caltrans工程師一直在努力使其他類型的橋梁能符合相同的

地震標準。 近年來，Caltrans地震工程處（OEE）近來使用了可觀的資源和努力，發展

設計中考量其他地震危害，改進分析程序，開發新的耐震補強程序，更好的加固細節，

以及開發除韌性柱以外的抗震元件的標準。 
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 固定接頭之改進 

    Caltrans已經花費了大量的努力來改進橋梁構件連接之可靠度。容量保護理念依賴於

固定的柱連接，不會由於柱塑性鉸引致之剪力而損壞。當前的接頭剪力標準要求工程師

確定接頭中的主應力。如果應力低，則僅需要一些額外的鋼筋，但是如果應力高，則接

頭必須修改得更大。圍束鋼筋必須從柱子向上延伸到帽梁頂部鋼筋和向下伸入樁帽的底

部鋼筋。墩柱的主筋必須完全發展延伸入頂部和底部接頭。對於大號鋼筋因直徑較大，

需要較深帽梁以完全發展鋼筋強度，對於設計這可能會是一個問題。對於具有小的深度

的接頭，需要使用“T”頭部主鋼筋，柱頭擴座連結帽梁或較小直徑的縱向鋼筋。 

  鉸接接頭之改進 

     Caltrans所偏好的橋型為墩柱與上部結構箱型梁以整體式之固接接合之剛構架橋

梁，對於長度較長之橋梁，無可避免必須於橋墩間之跨徑內反曲點處設置外懸鉸接，一

般以裝設鋼管來增加防落長度及束制變為（圖二十五）。此外若墩柱之直徑大於上部結

構之深度，則梁柱結頭也許有需要改為鉸接。多柱式構架橋墩亦可能在柱底設置鉸接，

以有效減少基礎的尺寸及橋梁建造經費。目前Caltrans委託內華達大學之研究計畫，仍持

續在研究可靠的鉸接接頭設計，使其可承受一般橋梁之服務載重但不會在地震時受力而

損壞。Caltrans使用鋼管插梢之鉸接接頭來減少斷面鋼筋將柱連接到帽梁。鉸接通常需要

某種可更換的軸承表面和足夠的橫向鋼筋以保護鉸接處周圍的混凝土。 

 

 

圖二十五 外懸鉸接增設限制位移之鋼管補強 
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  鋼筋續接的改進 

     Caltrans對鋼筋續接的使用有嚴格的規定。在塑鉸區（PHZ）中不允許續接，並且只

有預先核准的極限續接可以在韌性構件的塑鉸區外部使用。大多數受容量保護的構件需

要極限續接，而用於橋的其餘部分的鋼筋可使用服務載重續接或搭接。Caltrans很少在柱

子中使用螺旋鋼筋，但是螺旋續接時，必須額外的180°搭接，穿過混凝土核心的對角彎

鉤。大多數柱使用箍筋，需要使用極限載重續接。Caltrans耐震設計理念依賴於充足的連

續性和發展，以在地震期間把各構件連結在一起。但因鋼筋通常最大長度只有18公尺，

“無續接”的規定對於較長或高橋梁就需要例外性的放寬 

  支承的改進 

     上部結構在橋台和墩柱構架處等下部結構之連接通常需使用支承。Caltrans有時會取

消支承設置，改採以端隔梁和橋台整體固接墩柱構架，特別是在高地震風險區域。然而，

非常長的橋通常需要於跨徑間設置鉸接座，以容許溫度、預力縮短和其它縱向位移。 

Caltrans要求這些支承長度必須比相鄰構架的位移（加上潛變，乾縮等）的平方根（SRSS）

更長，且不得小於24英寸（600mm）。在橋台和墩柱帽梁的左端和右端設置剪力榫，以

防止較小地震的橫向位移（和支承損壞）。最近的研究（Bozorgzadeh，2007）已經證明

這些剪力榫比預期更強，因此已經設計了新的模組化剪力榫作為保險絲，其將在更重要

的橋梁構件被損壞之前失效。對於跨徑中支外懸鉸接座，一般於接頭放置雙重強壯鋼管

以防止橫向運動並提供更長的防落長度（圖二十五）。 

  基礎的改進 

     一般柱的底部是連接於擴展基腳，樁帽或大直徑井筒。Caltrans使用兩種井筒基礎來

支撐橋柱。 Type 1井筒與柱具有大約相同的直徑，並且被設計成在地表面下方形成塑鉸。 

Caltrans喜歡Type 1型井筒，因為它們具有高韌性和長的塑鉸長度。在UCLA的測試

（Wallace，2001）顯示直徑1.8m（6ft）的井筒能具有20％位移比率。Type 2井筒具有比

柱更大的直徑，以在地面上形成可靠的塑鉸。 

     基礎的設計取決於土壤條件，需要地質工程師和橋梁工程師之間的良好溝通。 

Caltrans成立了一個委員會，研究樁群在良好和不良土壤中的行為。他們發現，在良好的

土壤中，樁基本上是受軸向力構件，並且廉價的標準樁可以鉸接方式與樁帽連接使用。 

然而，在差的土壤中，樁必須具有良好的韌性並且與樁帽使用固定連接。 

     擴展基礎允許在低到中度地面振動的區域中在良好地質上支撐橋台墩柱構架。設計
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工程師有時會用抗拉拔構件（地錨或微型樁）來束制擴展基礎，以防止在地震過程中翻

倒。 最近的研究（Deng，2010）表明，即使對於非常大的地震，這些擴展基礎也可以

被允許搖滾。 然而，有一種自然的猶豫，允許橋梁來回搖擺，讓人很容易想像到橋梁

會晃動不穩。 

  下部結構的改進 

     Caltrans偏好使用較具柔韌性墩柱甚於剛性的壁式橋敦，但仍然允許它們被建造。塑 

鉸構件和容量保護的相鄰構件的SDC耐震理念，因壁式橋敦比基礎還強壯，不能在橫向

方向上形成塑性鉸而無法符合。Caltrans要求將壁式橋墩設計為用於設計加速度反應譜峰

值（乘以安全係數）的剪力構件。一般壁式橋墩配置箍筋和繫筋，在大地震時可能鬆動。 

Caltrans需要一個交叉的繫筋，在一端有135度彎鉤，另一端有90度彎鉤交互配置，無論

垂直和水平鋼筋在墩壁上匯合在一起。 

  橋梁型式的改變 

 Caltrans正在努力使更多類型的橋適符合使用SDC設計的“普通標準橋”的分類。 

  預鑄橋梁的發展 

 Caltrans開始設計預鑄梁橋，以滿足2000年對San Mateo Hayward Bridge拓寬的所有SDC

設計要求。這條7.5公里（4.7英里）長的橋梁以墩柱構架支撐其上方預鑄大梁，設計用

於提供所有鋼筋的完全連續性，以滿足柱塑性彎矩的接頭剪力要求。一旦施工開始，儘

管在大梁和墩柱構架之間的複雜的連接，平均能建造每天超過30米的橋梁。 

     最近有幾個關於預鑄梁橋抗震性能的測試，重點是抗彎帽梁（Veletzos，2006）

（Snyder，2011）。這些測試包括支撐不同類型預鑄梁的倒T形帽梁。Caltrans OEE將優

選通過帽梁處具有梁正鋼筋，因為這最符合SDC要求並且確保所有損壞發生在柱塑鉸

中。 Caltrans與愛荷華州立大學Sritharan教授正在合作探索相關設計。大梁將置放在倒

置的'T'彎帽，底部預應力鋼筋纏繞4支＃11（直徑36mm）鋼筋。 

     Caltrans正在與內華達大學聯合探索的另一個選擇（Saiidi，2013）是加速橋梁建設

（ABC）的下一代橋梁（NGB）組件。該項目於2007年開始，將附帶鋼筋續接器的預鑄

柱與基礎的性能與Caltrans標準現場澆築（CIP）柱和基礎的性能進行比較。到目前為止，

已經測試了五種配置：（1）CIP柱、（2）預鑄柱連接到無底座的敦頭續接器（HCNP）、（3

）預鑄柱連接到沒有基座具延展性的鑄鐵灌漿套筒GCNP）、（4）連接到具有基座（HCPP）

的敦頭續接器的預製柱，（5）連接到具有基座（GCPP）的具延展性的鑄鐵灌漿套筒的

預製柱。預鑄柱是空心殼狀，在它們附接到基礎之後於內部填充自充填混凝土。基礎是

將連接位置移動到塑鉸區域上方。到目前為止，測試一直令人鼓舞。 HCNP具有更好的
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位移容量，但GCNP更容易組裝。測試將繼續。最終，Caltrans希望測試一個完整的預鑄

基礎，預鑄柱，預鑄帽梁和預鑄大梁的裝配。Caltrans關心的一個嚴肅議題是，須確保這

些預鑄構件不僅具有良好的抗震性能，而且是實用的，並且不會成為維護問題。 

 

      圖二十六 預鑄帽梁吊裝施工 

 

       圖二十七 預鑄大梁連續化示意圖 

 

 鋼橋設計的發展 

    鋼梁橋可以快速建造，對交通的干擾最小，這使它們成為加速橋梁建設的重要橋梁

類型。鋼橋的抗震設計在Caltrans鋼橋抗震設計標準（Caltrans，2001）中提出。鋼梁橋

的抗震設計在Caltrans SDC中提出。面臨的挑戰是將這些鋼橋的連接接頭設計為容量保
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護構件。 

 長跨徑橋梁的發展 

    像舊金山奧克蘭海灣大橋東部跨度的項目給了Caltrans一個機會反思與長跨度結構

有關的問題。塔需要在大地震後保持使用，因此塔腿之間的剪力連桿被設計成充當保險

絲並保護塔免受損壞。然而，該地震抵抗構件ERE尚未經過廣泛測試，並且諸如焊縫、

錨固及地震後的更換等均需要在剪力連桿成為橋塔標準設備之前進行廣泛研究確認。 

    Caltrans要求韌性容量安全係數至少為3，以防主要ERE損壞或發生不可預期的大地

震。因此，Caltrans在長跨度橋梁上具有中空柱和塔的韌性和後屈服性能要求。最近對空

心柱的測試已經顯示出可行性，但沒有像具有緊密間隔的大直徑箍的實心柱的韌性。對

於更昂貴的橋梁，接受較小的強度和延展性似乎不合邏輯。Caltrans建議空心矩形柱在與

非常強壯的隔梁連接的角落具有大的抗壓構件，因此在地震期間整個部分完全發揮作

用。壓縮構件應延伸超過隔梁，由壓縮構件承受所受彎矩而不是由隔梁承受。其他要求

包括： 

（1）對穿繫筋為180度彎鉤和延伸9倍直徑長度。 

（2）對於高塔，柱的最小壁厚必須為900mm（3'）。 

（3）配置直徑24mm（＃8 US）內圈鋼筋。 

（4）配置直徑43mm（＃14 US）外圈鋼筋。 

（5）內圈鋼筋的支數必須至少為外圈鋼筋支數的50％。 

（6）主鋼筋量包括內外圈鋼筋 > 1％實心截面。 

（7）在垂直鋼筋及具有箍筋處最小鋼筋間距200mm（8“）。 

 橋台束制 

    一個在普通橋梁上相當普遍使用的地震力抵抗構件ERE，有效利用橋台後面的土壤

的被動土壓力來抵抗地震，且當土壤屈服時可作為消能作用。 

 橋梁隔震設計 

    目前所採用最具效果隔震設施如鉛心橡膠支承和摩擦單擺支承（AASHTO，2010）。

它們一般可在比柱形成塑鉸時更小的力量下達到屈服，使得基礎可以設置得更小，並且

防止柱損壞，使得橋梁可以在震後更快速回復正常使用。Caltrans成立了一個小組來發展

使用隔震設施和其他ERE開發用於普通一般橋梁的設計標準，目標是要求不管橋梁選擇

何種ERE或類似的作為，均應使得橋梁具有相同的安全水平。 

（1）隔震橋應滿足Caltrans SDC的要求。 

（2）使用AASHTO隔震指南來決定隔震橋梁之位移。 
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（3）使用SDC的附錄B（減少阻尼）來確定風險。 

（4）隔震設施設計應有1.25倍位移需求的安全係數。 

（5）所有下部結構構件必須具有大約相同的勁度和質量。 

（6）所有隔震設施必須具有相同的勁度和位移容量。 

（7）橋柱應設計於承受隔震設施側向力時保持彈性。 

（8）橋柱設計為Vu≥1.2 *F1.25ΔD（橫向力的1.2倍）。 

（9）橋柱橫向容量> 0.15g（0.15倍靜載反應）。 

（10）橋柱必須具有的位移容量（超過屈服）> 3.0。 

     Caltrans制定規則以在隔震設施中提供足夠的強度以承受一般的服務和風荷載，同時

還需要設置防落設施，作為隔震設施斷裂之保護裝置，對於伸縮縫則沒有特殊要求，允

許可於設計地震斷裂（但可快速修復）。 

 

圖二十八 Caltrans 6
th

 Street 高架橋梁使用摩擦單擺支承 
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圖二十九 摩擦單擺支承下盤 

 

圖三十 摩擦單擺支承性能測試 
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圖三十一 鉛心橡膠支承 

 

圖三十二 鉛心橡膠支承 
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圖三十三 鉛心橡膠支承性能測試 

 

 

圖三十四 鉛心橡膠支承性能測試結果 
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  設置阻尼器 

     Caltrans曾經寄望粘性阻尼器被證明是一個有效的ERE，直到他們在幾個橋梁耐震補

強工程計畫開始漏油。由於必須更換這些大型阻尼器的成本很高，Caltrans結構維護單位

不願意把它們用在任何更多的州管橋梁上。最近的補強計畫（如Forest Hills Bridge）已

經改用挫屈拘束支撑Buckling Restrained Braces（BRB），結果良好。此外，希望可以使

用液體矽填充的阻尼器代替充油阻尼器，以消除所有的維護問題。Caltrans並已經資助對

可能有一天被用作橋梁阻尼器的形狀記憶合金的研究。 

  Rocking搖擺 

     Caltrans目前正在編寫程序，將允許搖擺作為新橋梁的可接受的ERE。Caltrans一直

允許橋梁耐震補強採用搖擺，但新的橋梁的抗震性能要求更高 Caltrans已經資助了一些

關於搖擺的研究項目，結果是正面的，足以開始討論允許於大地工程服務部門建議可採

用擴展基礎短橋梁搖擺（Kutter，2010）（Panagiotou，2014）。類似於隔震支承，橋梁搖

擺可減少基礎承受之地震力，可採用更小的基礎，並可使橋梁於震後更快速地恢復服務。 

  自動回正橋柱 

     研究人員正在測試能夠保持相對完好的橋梁，並且可以在地震後不久恢復使用。華

盛頓大學，史坦福大學和加州大學伯克萊分校正在研究預鑄橋柱，在中心有一個孔用於

後拉預力鋼索，藉由預力可讓橋柱在地震後自動回正重新定位（Cohagen，2009）（Lee， 

2009）（Jeong，2008）。由於這些柱將更快地組裝，這將滿足Caltrans加速橋梁建造的目

標。然而，Caltrans仍然關注這些柱的韌性，施工性和維護問題。 

 改進的地震風險分析方法 

    Caltrans已經開發了新的方法來獲得由於地面震動，表面斷層，土壤側潰和海嘯風

險對橋梁的耐震需求。根據橋梁位置，在分析中需要組合這些風險中的一些。 

 地面震動風險 

    目前使用等效靜力分析（ESA）方法，彈性動力分析（EDA）方法或非線性歷時

分析（NTHA）方法獲得地面振動風險的需求。無論使用何種方法，輸入地面運動都

來自ARS在線網站上提供的反應譜（並在Caltrans SDC的附錄B中描述）。Caltrans計劃

在2016年前僅使用基於概率的地面運動。 

    在最近的Caltrans地震諮詢委員會會議上，Ed Wilson教授嚴格地談到了EDA方

法。他說： 

„EDA方法僅適用於SDOF系統。 

„它只產生正數位移和構件力。 
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„結果是在未知時間發生的最大可能值。 

„短和長延時地震的處理方式相同。 

„需求/容量比總是過度保守。 

„EDA方法不提供對橋梁動態行為的洞察。 

„結果不處於平衡狀態。 

    Caltrans希望提出對標準橋梁執行非線性歷時分析的程序。問題是提供地面運動的

足夠的概率性導出的時間歷時，其作為反應譜在統計上是可靠的。目前在PEER中心有

關於非線性分析的地面運動選擇和縮放的研究（Rezeaeian，2010），Caltrans將納入其

新的分析程序中。該計畫是為橋址的特徵創建足夠的合成時間歷史，將時間歷程縮放

到基本橋週期處的概率反應譜，並且使用這些縮放的時間歷時以30°的增量分析橋獲得

對橋梁構件的最大要求。 

 地表斷層風險 

    基於加州地質調查（CGS）Alquist-Priolo地圖以及現場調查和文獻綜述，從全新

世斷層獲得表面斷層危害 類似於地震動風險，確定性導出的斷層偏移量是基於使用

統計或其他經驗關係的斷層特徵獲得的（Wells，1994）。概率導出的偏移量是使用舊

金山公共事業委員會的報告（Abrahamson，2008）獲得的。一旦斷層被定位並且獲得

偏移量，橋基礎被移動到偏移位置，並且從橋的3D模型獲得柱的位移。然後，在類似

變形的狀態下獲得該橋的彈性形式的地面振動位移（Chopra，2008）。 

 土壤液化和側潰風險 

    Caltrans地工服務處目前正在製定“地工技術手冊”中評估地震災害的標準方

法。基於Caltrans資助的研究（Shantz，2012）（Ashford，2010），一個新的程序用於確

定橋梁由於土壤側潰的需求。Caltrans MTD 20-14和MTD 20-15為設計人員提供了用於

橋梁設計之液化和側潰的簡單程序。 

 結論 

      在1989年Loma Prieta地震後Caltrans大大增加了耐震研究的資金，主要針對Caltrans

現有橋梁耐震補強計畫，隨著橋梁耐震補強計畫接近完成，Caltrans將重點從現有橋梁的

研究轉變為新橋梁的耐震設計。1999年，基於地震的經驗教訓和Caltrans研究計畫成果，

Caltrans首次發布耐震設計標準SDC。儘管在多年沒有任何破壞性的地震，Caltrans仍然

持續支持大量與耐震相關的研究計畫。 

      從CALTRANS多年來獲得的經驗回應自然災害，以及其對Loma Prieta災難的反應

結果明確一個健全的，排練得當的應急計畫是任何一個必須的。因為緊急情況由各地方
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機構進行的演習動員承包商，CALTRANS能夠動員工人、設備和材料進行即時瞬間修復

工作，或已緊急臨時支撐方式來重新開放重要受損交通設施。Roberts（1990）和其他的

CALTRANS發表論文。每個公共機構都應該有一個計畫準備和行使，以便人員準確地知

道他們要報到的地方，及他們在發生自然災害時的職責。給定一個地震發生並在幾秒鐘

內立即反應，完全沒有時間再進行規劃，必須基於先前的規劃和實踐練習。相關反應計

畫必須包括冗餘路線和對重要道路和結構的評估與立即恢復交通等作為。 

     CALTRANS使用脆弱性對橋梁進行了優先級排序，確保最脆弱的橋梁優先安排進行

耐震補強，將有限的資金，做最好的整體規劃和應用。對於防災及減災相關作為，Caltrans

期望以Research→Implement→Improve→Prepare→Evuluate→ Report→Research之循環模

式不斷求進步，增加震後應變能力。 

 

4. 橋梁檢測與施工觀摩 

 

 

圖三十五 參與 Caltrans 橋梁實地檢測作業 
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圖三十六 San Diego Coronado 橋梁檢測使用橋檢車 

 

 

圖三十七 San Diego Coronado 橋梁檢測使用橋檢車 
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圖三十八 San Diego Coronado 橋梁檢測人員合影 

 

圖三十九 San Diego Coronado 橋梁檢測塗裝剝落 
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圖

四十 San Diego Coronado 橋梁檢測 

 

圖四十一 San Diego Coronado 橋梁檢測平台及貓道 
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圖四十二 San Diego Coronado 橋梁檢測專用電梯 

 

圖四十三 San Diego Coronado 橋梁檢測專用電梯 
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圖四十四 San Diego Coronado 橋梁檢測貓道 

 

圖四十五 San Diego Coronado 橋梁維修用臨時吊裝平台 
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圖四十六 Los Angeles Harbor Vicenti Thomas Bridge橋梁檢測專用步道 

 

圖四十七 Los Angeles Harbor Vicenti Thomas Bridge橋梁檢測專用步道 
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圖四十八 Los Angeles Harbor Vicent Thomas Bridge箱梁內檢測步道 

 

圖四十九 Los Angeles Harbor Vicenti Thomas Bridge耐震補強阻尼器 
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圖五十 Los Angeles Harbor Vicenti Thomas橋梁維修用臨時吊裝平台 

 

圖五十一 10號高速公路拓寬工程工地觀摩 
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圖五十二 10號高速公路拓寬工程工地觀摩 

 

圖五十四 10號高速公路拓寬工程邊坡擋土牆裝設土釘 



 41 

 

圖五十五 10號高速公路拓寬工程邊坡擋土牆裝排水用地工織物 

 

 

圖五十六 排水用地工織物 
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圖五十七 10號高速公路拓寬工程基樁超音波檢測 

 

圖五十八 10號高速公路拓寬工程進橋板下方裝設濾水管 
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圖五十九 橋梁耐震補強樁帽擴大增加樁並使用環氧樹酯防蝕鋼筋 

 

圖六十 支撐先進工法橋梁施工 
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圖六十一 觀摩加州地震諮詢委員會開會情形 

 

 

圖六十二 向Dr. Mark Mahan請教加州橋梁耐震補強策略 
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圖六十三 向Dr. Steve Mitchell請教加州橋梁耐震評估 

 

 

圖六十四 參訪隔震支承工廠 
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圖六十五 參訪隔震支承工廠 

 

 

圖六十六 與隔震支承研究人員共同研討 
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圖六十七 矩陣透地雷達探測器 

 

圖六十八 矩陣透地雷達探測器 
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圖六十九 矩陣透地雷達探測器 

 

 

圖七十 參訪Caltrans工程服務中心 
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圖七十一 與Caltrans工程服務中心實驗室主任合影 

 

 

 

圖七十二 參訪Caltrans工程服務中心實驗室 
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圖七十三 參訪Caltrans工程服務中心實驗室 

 

圖七十四 會同Caltrans工程師至工廠驗收鋼鉸索 
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圖七十五 會同Caltrans工程師至工廠驗收鋼鉸索 

 

 

圖七十六 Okland新的海灣大橋參訪 
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圖七十七 Okland新的海灣大橋參訪 

 

圖七十八 Okland新的海灣大橋參訪 
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圖七十九 Okland新的海灣大橋橋塔檢測電梯 

 

圖八十 於Okland新的海灣大橋橋塔上留影 
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參、心得 

     加州運輸署（簡稱Caltrans）計有員工約2萬人組織龐大。負責管轄加州總長8萬多公

里之高速公路、公路與鐵路自辦測量、大地調查、地質專探、規劃、設計、監造、養護、

檢測及維修、規範修訂、耐震補強等作業。分工精細，工程師可專心於本業累積豐富實

務經驗，對於所負責維管之橋梁能更為熟悉，可確實掌握維管橋梁之耐震易損性與特

性，於震後可迅速動員經高度訓練與專業經驗之工程師來投入評斷橋梁之安全性並進行

必要之緊急處置。惟因組織規模龐大，人員管理、效率及資源分配與有效運用及管理等

問題，也是值得進一步去研究探討的課題。在橋梁檢測方面，加州規定必須有註冊專業

執照者，方可執行此任務，且需為專職，目前Caltrans具專業執照之橋檢人員約75名，需

於2年內以兩人為1組檢測完2萬5千座橋梁，每人每年需完成之橋梁檢測約160座，並有專

人負責抽查品管。 

     Caltrans對於新進的工程師採取於各個部門輪調的方式來進行人員培訓，使得工程師

能有較全面的學習機會，如果將來作為專職的設計工程師，所設計的成果較能以施工者

的角度去設想，施工性較佳，無形中可節省很多看不到的成本。此外，藉由對新工與養

護的工程師採取輪調作為，使設計工程師能多加考慮完工後之使用及維管等需求，也有

助於提升設計施工的品質，落實全生命週期之設計目標，值得各工程專責單位參考學習。 

     Caltrans對於設計審查工作，為了避免因人而異沒有一定的審查標準，制定了各種工

程的審查項目列表Check List，由審查工程師逐一進行核對，可避免審查重點不一及重要

審查項目遺漏，提高設計審查品質。 

     Caltrans各專業部門每個月定期召開專題經驗分享討論會議，討論規範各章節，由各

工程師輪流主講發表、共同討論，由於Caltrans各單位分散在全加州，會議是以視訊方式

由各分區代表參加，亦是有效提升工程師個專業能力之學習訓練管道。 

     Caltrans對於重要橋梁均裝設強震及相關監測設施，監測橋梁動力特性，進行分析評

估，於大地震後可評估橋梁受損情況與安全性。 

     目前高速公路橋梁耐震補強計畫所採用耐震評估方法與補強工法，大致上均有跟上

Caltrans的腳步，相關增設上部結構的變位束制及增加橋柱韌性及強度的工法，也大致相

仿。惟加州由於高速公路路網完整，替代道路選擇多較具彈性，故除了少數海灣地區的

收費橋梁，因橋梁規模較大複雜度高且替代道路繞到較遠，列為重要橋梁，大部分高速

公路橋梁僅列為一般橋梁，其耐震補強標準只要求於大地震時橋梁不得崩塌或落橋之生

命安全需求，但允許有明顯損壞及提供有限度的服務。對於既有橋梁的補強，Caltrans
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允許基礎產生搖擺Rocking，對於樁基礎如果土壤可能產生液化的狀況下，允許基樁產生

第1個塑鉸，故可減少下部結構基礎的補強，加速耐震補強計畫之完成並節省可觀耐震

補強經費。 

     Caltrans對於新材料、新工法、專利性或獨家產品，可預先經由所屬實驗室或委託學

術專業機構進行試驗認證合格，即可列入加州合格產品清單Qualified Products List內，相

關單位亦會對清單內產品採取定時之查驗，工程師在設計時，經評估比較某項材料確實

屬於經濟有效，如該項產品有列於加州合格產品清單內及可挑選使用，免除冗長之試驗

及申請手續。而廠商為維持產品可持續列於清單內爭取龐大商機，亦會盡力維持產品之

品質，以免品質不穩遭到剃除。 

     Caltrans對於橋梁拓寬工程新舊混凝土相接介面，一般只要打毛清理乾淨即可，無需

於舊混凝土面塗刷環氧樹脂。閉合塊在新施作主梁支撐拆除60天後，所有橋面板以上之

靜載重均加載上去才可澆築，可減少閉合塊相接介面處支開裂與變形。閉合塊厚度以30

公分以上為佳。 

     Caltrans對於既有橋梁之拓寬於拓寬部分用最新規範來設計，舊橋部分則採用原有規

範來檢核，對於達到年限橋梁，則進行安全評估，安排改建計畫。 

     舊金山-奧克蘭海灣大橋（San Francisco-Oakland Bay Bridge），當地多簡稱為海灣大橋

（Bay Bridge），又譯為灣區大橋。興建時因人工問題整個鋼橋發包給中國上海的鋼構廠

製造，據前往監造的美方人員表示，由於品管觀念不同，當地的品管人員只願意對被抽

查到的施工缺陷進行改善，沒抽查到的地方，費了很大的溝通工夫，最後鋼構廠才願意

進一步加強自主品管改善缺失。 

     Caltrans為延長橋梁結構使用壽命，加強鋼筋的防蝕已普遍使用環氧樹脂保護Epoxy 

Coating鋼筋，計分為ASTM 775藍色塗裝，塗佈後鋼筋可彎曲加工，及ASTM 934紫色塗

裝，塗佈後鋼筋不可彎曲加工，但更為堅固耐久。 

肆、建議事項 

      目前國內高速公路橋梁一般仍能維持在甚佳之狀況，惟隨著橋齡的增加及材料老

裂化，不可避免終將面對橋梁補強延壽或改建等難題。為延長公路橋梁之使用壽命，

確保基礎設施之安全、可靠及效率，應與學術或專業單位合作以利用光電等高科技於

橋梁變位、頻率變化或預力鋼腱腐蝕檢測等相關研究，以藉由客觀及精確的量測，協

助維管單位確實掌握橋梁之損壞狀況，及早進行預防性修復避免橋梁急劇劣化，儘量

延長橋梁使用壽命。 
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      國內近數十年來新建橋梁因考慮美觀及及大跨經之力學需求，大多數均採用預力

混凝土或鋼箱型梁橋，且為顧及行車舒適性，一般均在橋面版上舖築AC，於橋樑檢測

時不易或無法及早檢察出橋面版之劣化狀，建議應編列相關費用要求檢測工程師定期

進入箱梁內進行檢測，以期能確實掌握橋面版之結構狀況，維護行車安全。 

      國內在政府組織精簡原則下，高公局因新的高速公路逐漸完工接管的路段越來越

長，維管的橋梁數量也急遽增加，但相關技術人力卻不被允許配合增加，在橋梁檢測

維修的人力嚴重不足的情況下，橋梁檢測維修工作目前已完全委外辦理。負責橋梁業

務的工程司除辦理橋梁檢測維修採購及履約管理等業務外，尚須兼辦甚多其他業務的

現象甚為普遍，實有增加人力的必要，使其可專職辦理橋檢業務，並可以有較多的時

間實際執行部分橋梁檢測業務，作為品管抽檢來實質監督規範執行者，提升橋梁檢測

品質及有利實務經驗之累積。 

      為有效減輕橋檢業務之工作之負荷，建議可對橋梁狀況進行評估分級，對於狀況

較差之橋梁增加檢測之頻率，狀況較佳之橋梁則減少檢測頻率，也期望高公局與國工

局兩局整併可早日完成，以補充養護技術人力之不足。 

      建議各項橋梁常用之各種構件如支承、伸縮縫、預力系統端錨，隔震設施及阻尼

器等，能由權管上位工程單位負責進行試驗認證，列入合格產品清單，方便各工程單

位設計採用，避免各單位標準不一，也可節省廠商及工程單位之成本，提升競爭力。 

      Caltrans對於橋梁支承，有逐漸增加採用隔震支承的趨勢，除了鉛心橡膠及摩擦單

擺支承外，亦有推薦彈性高阻尼橡膠支承，可有效分散及吸收橋梁所承受地震力，減

輕下部結構及基礎之負擔，可降低橋梁耐震補強或新建工程，於基礎施工及用地的費

用。 

伍、附錄 

一、 ShakeCast：美國加州震後快速反應及決策輔助工具軟體 

二、 加州橋梁結構策略方向 

三、 Seismic Retrofit Guidelines For Bridges In California 加州橋梁耐震補強指針 

四、 加州新材料評估流程 



ShakeCast: A Tool for Post-
Earthquake Decision-making and 
Response 
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Overview

Project Background
Development of ShakeCast
Demonstration of Features



Motivation for the Project
Following a major 
earthquake, the 
Department must 
rapidly assess the 
condition of its 
bridges.

Timely response is 
critical to:

Ensure public safety
Aid routing of 
emergency vehicle 
traffic
Re-establish critical 
lifeline routes.



What is ShakeCast?

ShakeCast
Software system that runs on a web server
Retrieves measured shaking data within 
minutes after an earthquake
Compares shaking distribution with unique 
bridge vulnerabilities
Provides hierarchical lists and maps of bridges 
most likely impacted
Emails info to responders
Provides suite of tools on website

ShakeCast = ShakeMap BroadCast



Foundation for ShakeCast

Geology Engineering Judgment

Faults

Strong Motion Data

Vulnerability Modeling

Caltrans Bridge Data

ShakeMap Bridge Fragility

ShakeCast



1900 instruments 
deployed statewide

1900 instruments 
deployed statewide

CISN communications 
backbone consists of five 
T1 links

CISN communications 
backbone consists of five 
T1 links

California Integrated Seismic 
Network (CISN)



1994 Northridge Earthquake (Magnitude 6.7)



History

1996 – ShakeMap introduced
1999 – NT&R proposes “simple” method 
for assessing bridge impacts using 
ShakeMap and ArcView
2003 – ShakeCast Version 1 developed; 
Caltrans beta tester
2005 – Caltrans contracts with USGS
2008 – ShakeCast Version 2 released



Project Details

Contract with the United States Geological 
Survey (USGS) commenced in 2006.
Scope of Work – develop ShakeCast
system that provides:

Automated earthquake and bridge performance 
analysis 
Produce maps and bridge inspection priority 
lists. 
Web-based interface to administer system and 
provide suite of products to users.



System Overview



ShakeCast Technologies
WAMP

Windows (Server 2003)
Apache
MySQL
PHP

Perl
Javascript
RSS
GoogleMaps
GoogleEarth



ShakeCast Products

Email notification
GoogleEarth products
ShakeCast Website



Automatic delivery 
of earthquake 
products to Caltrans.
Automatic analysis 
of potential bridge 
damage state.
Email bridge 
inspection 
prioritization lists.

ShakeCast Email













GoogleEarth and ShakeCast



GoogleEarth and ShakeCast



GoogleEarth and ShakeCast



GoogleEarth and ShakeCast



ShakeCast Website







Upcoming Features for Website



Upcoming Features for Website



Upcoming Features for Website



Summary

Raises situational 
awareness after 
earthquake.
Represents the most 
reliable information 
within the first hours 
following an event.
Responders get 
information 10 to 15 
minutes following an 
earthquake via 
email.



More Information
On the internet:
http://earthquake.usgs.gov/
resources/software/shakecast/

In print:
Earthquake Spectra, May 2008, 
Volume 24, Issue 2
"ShakeCast: Automating and 
Improving the Use of 
ShakeMap for Post-Earthquake 
Decision-Making and 
Response"
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EXECUTIVE SUMMARY 
 

The public deserves bridges and structures that are safe, sustainable, cost effective, well-built, and maintained in 
compliance with all applicable regulations. The California Bridges and Structures Strategic Direction (Strategic 
Direction) is a roadmap for the integrated delivery and management of ALL bridges and structures located on public 
roads in California. Through an integrated delivery and management approach, Caltrans and transportation partners 
can more effectively address California’s bridge and structure needs to best serve the traveling public.   

The State of California is faced with a number 
of challenges that influence our ability to 
effectively manage the complex bridge and 
structure infrastructure. Major challenges 
include: 

•   AGING INFRASTRUCTURE  
•   POPULATION GROWTH  
•   MULTIPLE STAKEHOLDERS 
•   CHANGING TRANSPORTATION NEEDS 
•   INADEQUATE FUNDING  
•   COMPETING INTERESTS   
•   ENVIRONMENTAL CONSTRAINTS  
•   LEGISLATIVE MANDATES  
•   SUCCESSION PLANNING 
  
In light of these challenges, it is in California’s best interest that all stakeholders involved in the delivery and 
management of bridges and structures collaborate to meet shared goals, independent of ownership or funding 
sources. The Strategic Direction identifies 12 objectives that maximize safety, efficiency, sustainability, value, quality 
and innovation through integrated delivery and management of bridges and structures. 

Regardless of the method of procurement or implementing agency, through integrated delivery and management, the 
Strategic Direction will balance asset performance and total lifecycle costs. 

 

Bridgeport Bridge, Nevada County, Caltrans 



 

4 
  

BACKGROUND 
 

 

 

 

 

 

 

 

 

California's highway system and complex bridge infrastructure are the lifeline of the California economy. The general 
public, businesses, and travelers from around the world utilize this vital system to go about their daily lives and carry 
out their business. Caltrans and local agencies manage more than 26,000 bridges on California’s roads and highways. 
This infrastructure is a legacy system largely built by Caltrans during the 1950s, '60s and '70s utilizing a design-bid-
build model. The model worked well as the State of California systematically created one of the most advanced 
transportation systems in the world during a period of tremendous economic expansion.   

The world and environment that we live and work in has changed. We are now in an era that prioritizes environmental 
sustainability, quality of life, and preserving the highway system that was largely created decades ago. Many new 
players have entered the arenas of bridge and structure planning, design, construction, and management. In addition, 
projects are now delivered through several delivery methods (design-bid-build, design-build, private-public-
partnerships, construction manager/general contractor, etc.) and paid for by numerous funding sources. The uniformity 
and quality afforded by a single provider (procurement, delivery, application of legal mandates and guidance) has 
changed. While this change is not necessarily negative, it does introduce the risk of inconsistent safety, performance, 
quality and durability, as well as other potential impacts to the public. 

 

Caltrans and Local Agencies 
manage more than  

26,000 BRIDGES 
 

San Francisco-Oakland Bay Bridge East Spans, Hwy 80, Caltrans 
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There is a need for uniform direction to better deliver and manage bridge and structure assets to reflect the current 
environment we live in. Decisions regarding the planning, design, construction, and maintenance strategies for bridges 
and structures need to be made in an integrated manner that considers the entire lifecycle of the assets and does not 
adversely affect the quality or safety of ALL bridges and structures located on public roads in California, regardless of 
who does the work.   

Bridge and structure owners – whether they are state or local agencies – are responsible for the planning, design, 
construction, and maintenance of California’s bridges and structures. They need uniform direction and guidance to 
ensure that decisions are made in an integrated and consistent manner. If decisions are not integrated and consistent, 
the consequences of error can be significant. Increased lifecycle costs of these assets – including project support, 
initial capital costs, and long-term maintenance – may result, which will ultimately adversely impact the traveling public.  

Nationally, the Federal Highway Administration and the transportation community have recognized a shift in focus 
away from building new transportation systems to preserving and improving existing systems, as evidenced in recent 
legislation such as Moving Ahead for Progress in the 21st Century (MAP-21) and Fixing America’s Surface 
Transportation (FAST) Act. Similarly, California is shifting its focus toward asset preservation, sustainability and 
management.    

 

 

 

U.S. Route 40, Rainbow Bridge, Placer County, Caltrans 
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REGULATIONS 
This Strategic Direction is a guiding document intended to comply with all corresponding federal, state and local laws, 
regulations, and governing codes for the National Highway System (NHS), State Highway System (SHS), non-NHS, 
non-SHS, and local streets and roads. Major governing codes and regulations include:   

• U.S. Code of Federal Regulations1  

• California Streets and Highways Code2 

• Various Caltrans Deputy Directives3,4 
 

 

 

Sources: 
1. U.S. Code of Federal Regulations Title 23 – Highways, Part 625 – Design Standards for Highways 
2. California Streets and Highways Code Sections 137 and 141 
3. Caltrans Deputy Directive 23 R1: Roles and Responsibilities for Development of Projects on the State Highway System 
4. Caltrans Deputy Directive 44: Federal-Aid and State Funded Highway Local Assistance 

 

Pitkins Curve Bridge and Rockshed, Hwy 1, Monterey County, Caltrans 
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THE STRATEGIC DIRECTION 
The Strategic Direction is a roadmap for delivering and managing ALL public bridges and structures in California to 
ensure that they are safe, durable, and cost effective through integrated delivery and management, independent of 
ownership or financial funding. Objectives were written to ensure that bridges and structures delivered by the 
aforementioned various delivery methods are consistent in all aspects and seamless in performance and value to the 
traveling public. The intent is not to solve all the challenges of delivering and managing bridges and structures in the 
21st Century, but rather to deliberately and transparently establish a clear direction that the numerous partners in the 
transportation community can embrace and follow.  

This roadmap clarifies what is important and integrates decision 
making to ensure greater consistency.  When bridge managers are 
considering a decision, they need to weigh the impacts to the 
Strategic Direction objectives. Ultimately, if a decision adversely 
affects one of the objectives, it is probably not the best choice, and 
the associated risks need to be carefully considered. The Strategic 
Direction is a litmus test, and should be used for that purpose.   

  

Retaining Wall, Caltrans 

PURPOSE STATEMENT: PROVIDE A 
VEHICLE TO AFFECT IMPROVEMENTS 
ON HOW ALL PUBLIC BRIDGES AND 
STRUCTURES IN CALIFORNIA ARE 
PLANNED, DESIGNED, 
CONSTRUCTED, AND MAINTAINED. 
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EXPECTED OUTCOMES 
The following results are intended to be delivered by this Strategic Direction approach: 
 Integrated planning, design, construction, and maintenance decision-making regardless of the method of 

procurement or implementing agency 
 Safe and sustainable bridges and structures 
 Consistent and appropriate quality and management of risk 
 Reduced project delivery costs and delays 
 Balanced asset performance and total lifecycle costs 
 Improved tools and training  
 Effective use of emerging technologies (i.e. research, new materials, etc.) 

The Strategic Direction focuses on long-term, cost-effective and sustainable strategies that address:  
 Structure Design (loadings, geotechnical, seismic, and hydraulics)  
 Structure Construction (specifications and contract administration)  
 Asset Management (inspection and maintenance programming priorities, and preservation)  
 Resources and Tools (policies, standards and guidance, staff skills, and software)  
 Innovation (research, new materials and structural systems, technologies, and construction methods)  
 Quality and Risk Management (including lessons learned) 

 

 

 
Devil’s Slide Tunnel, State Route 1, San Mateo County, Caltrans 
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OBJECTIVES 
The Strategic Direction identifies 12 objectives that maximize safety, efficiency, sustainability, value, quality and 
innovation through integrated planning, design, construction, and maintenance of bridges and structures (hereafter 
referred to as “structures”) in California.  

California will enhance its economy and livability by investing in its structures in a manner that will: 

1. Minimize accidents   

Work zone accidents and vehicle crashes must be minimized in order to provide a safer transportation system. 
Structures must be delivered and maintained in a way that ensures public safety and reduces worker and motorist 
exposure to injuries and fatalities.   

2. Minimize traffic delays 

Traffic delays must be minimized in order to maximize system performance. The delivery of structures must aim to 
minimize delays to the traveling public and movement of goods during normal operations as well as during 
construction and maintenance activities. 

 

 

5/14 Interchange in LA County, Caltrans 
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3. Ensure reliability and structural integrity 

Reliability and structural integrity are paramount in order to ensure safe operations.  Structures shall be 
constructed and maintained in a way that ensures safety, functionality, and durability while optimizing service life.  

4. Optimize flexibility in meeting future intermodal transportation needs 

Structures must be adaptable to future transportation needs to ensure that public funds are wisely invested. The 
planning and design of structures must consider attributes that provide for flexibility to address changing needs. 

 

  

Tower Bridge, Sacramento, Caltrans 
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5. Meet established standards and policies consistent with laws, regulations, codes and agreements 

It is imperative to develop and adhere to standards and policies for structures that follow current laws, regulations, 
and codes to ensure the integrity of the transportation system and promote public trust. 

6. Assure quality 

The consequences of poor quality are of great concern due to the critical nature and significant cost of structures. 
Therefore, it is important to establish and enforce quality management standards to protect the public's investment 
in structures. 

7. Ensure open communication between all stakeholders 

The delivery and management of structures involves many different entities. In order to ensure that these assets 
are delivered and managed effectively, continuous communication among these entities is vital. 

8. Balance performance, lifecycle cost, time, delivery, and risk to optimize total value 

The delivery and management of structures should optimize the public’s return on investment. Therefore, 
decisions must be framed to promote the best value over the life of the asset while integrating risk-based thinking 
into decision-making.     

9. Preserve the environment and minimize impacts 

Structures often play a significant role in either positively or negatively impacting the environment. Therefore, 
structures should be delivered and managed in a manner that minimizes impacts and preserves natural and 
cultural resources.  

  

Culvert Invert Repair, Caltrans 
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10. Ensure transparency and accountability 

Demonstrate prudent management of public funds by maintaining transparency and accountability in decisions 
and data related to structure assets. 

11. Cultivate knowledge and experience 

The public’s expectation is that experienced and knowledgeable experts are responsible for delivering and 
managing structures. To support this, a culture of continuous improvement that fosters the sharing and retention of 
knowledge and experience is essential.   

12. Encourage innovative solutions  

Innovation is the catalyst for developing better transportation solutions. Emphasis should be placed on supporting 
an environment that encourages creative problem solving and intelligent risk taking. 

  

Big Bear Bridge, Hwy 18, Caltrans 
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The mission and vision stated in the 2015 Caltrans’ Strategic Management Plan (SMP) are supported by five goals. 
These five goals are directly supported by the twelve objectives in this Strategic Direction as shown below: 
 

Caltrans’ SMP Goals Safety 
and 

Health 

Stewardship 
and 

Efficiency 

Sustainability, 
Livability and 

Economy 

System 
Performance 

Organizational 
Excellence 
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1. Minimize accidents X X X X  
2. Minimize traffic delays  X X X  
3. Ensure reliability and 

structural integrity 
 X X X  

4. Optimize flexibility in 
meeting future 
intermodal 
transportation needs 

 X X X  

5. Meet established 
standards and policies 
consistent with laws, 
regulations, codes and 
agreements 

X X  X X 

6. Assure quality X X X X X 
7. Ensure open 

communication 
between all 
stakeholders 

 X   X 

8. Balance performance, 
lifecycle cost, time, 
delivery and risk to 
optimize total value 

 X X X X 

9. Preserve the 
environment and 
minimize impacts 

 X X  X 

10. Ensure transparency 
and accountability  

 X   X 

11. Cultivate knowledge 
and experience 

    X 

12. Encourage innovative 
solutions 

 X   X 

 
The principal strategy used to accomplish many of these objectives will be implementation of ISO 9001 Quality 
Management Systems. 
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20-4	 Seismic Retrofit Guidelines For 
Bridges In California 

Introduction
Caltrans Memo to Designers (MTD) 20-4 describes policies and procedures for the seismic 
retrofit of California’s bridges.1 Caltrans, Bridge Design Aids (BDA) 14-5 and Bridge 
Standard XS Detail Sheets Section 7 include common retrofits that can be used by designers. 
The Federal Highway Administration has published a bridge retrofitting manual (Buckle, 
2006), with examples of common retrofits. This manual is a useful reference, however the 
specifications and details are not approved by Caltrans.

While MTD 20-4 is intended to provide guidelines for retrofitting existing structures, it 
is not possible to anticipate every situation that may be encountered. It is the designer’s 
responsibility to accurately assess the performance of the existing structure, to show a 
collapse mechanism if it exists, and to develop retrofit strategies that ensure the structure 
meets the no collapse performance standard.

Expected Performance
The primary performance standard for retrofitting bridges is to prevent the structure from 
reaching the collapse limit state2  for the Design Earthquake3 . The goal of this “No Collapse” 
performance standard is to protect human life and there are no serviceability expectations 
for retrofitted bridges.  

An acceptable determination of collapse is captured through an analysis of the bridge model 
subject to the Design Earthquake. However, determining collapse is different than simply 
determining that demand exceeds capacity. First of all, capacity is more conservatively 

1. This memo is intended to apply to Ordinary Standard state and local bridges. In cases where this memo does 
not apply, the designer is referred to MTD 20-1 and 20-11.	

2.	The collapse limit state is defined as the condition where any additional deformation will potentially render a 
bridge incapable of resisting the loads generated by its self-weight. The “No Collapse” performance standard 
prevents failure of this type while allowing for the possible localized failure of some individual components 
(typically redundant or secondary components that are not necessary for structural stability).

3.	In this memo the ‘Design Earthquake’ is substituted for the term ‘Design Seismic Hazards’ used by Caltrans 
Geotechnical Services to refer to the collection of seismic hazards at the bridge site used for the design of 
bridges.
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defined for new than for existing bridges. Secondly, exceeding a single member capacity 
may not lead to system collapse. Collapse means that the demand is so large that the bridge 
will become unseated, that it will break a significant load bearing element, or it will cause 
some other collapse mechanism that will positively bring down the bridge. An equally valid 
solution is to demonstrate through analysis that a collapse will not occur. This would be 
the preferred alternative since construction (with its costs and risks) would not be required. 

There are several reasons why seismic performance requirements are higher for new bridges. 
Designers can provide additional seismic resiliency on new bridges whereas they are often 
constrained by geometry or structural configuration with an existing bridge. Moreover, the 
seismic demands for existing bridges (with a shorter remaining life) can be less conservative 
than for new bridges and still provide an acceptable level of risk. MTD 20-4 only requires 
the minimum seismic retrofit to prevent collapse while Caltrans Seismic Design Criteria 
(SDC) for new bridges has additional requirements that provide a larger safety factor against 
collapse.  Therefore existing bridges are allowed to have behavior that is discouraged for 
new bridges. For instance, rocking of existing bridge foundations is acceptable for ground 
shaking hazards and more drift is allowed on piles and shafts of existing bridges in laterally 
spreading soil.  

Currently the Structure Replacement and Improvement Needs (STRAIN) Report identifies 
bridges with many needs including seismic retrofit and each district chooses projects from 
the report. When post event structural serviceability is a design requirement, this memo will 
not apply, and a more conservative approach based on project specific performance standards 
must be followed. MTD 20-11 (Caltrans, 1999) must be used to establish this criterion. 

The Design Earthquake
Ground shaking is the one seismic hazard that can occur at every bridge site. The designer 
must carefully read Caltrans MTD 20-17 “Understanding Directionality Concepts in Seismic 
Analysis” (Caltrans, 2014) to understand how ground shaking demands are obtained for 
different methods of analysis. All of these methods originate from the Design Spectrum 
described in Caltrans SDC Section 2.1 and in Appendix B (Caltrans, 2013).  Amplification 
of the ground shaking hazard for near fault and basin effects is accomplished by increasing 
the long period response. Caltrans Design Spectrum is also used to produce time histories 
of ground motion that include these effects.

In rare cases a bridges may need to be analyzed for two or even three seismic hazards. 
Designers are notified of all seismic hazards at the bridge site in the Preliminary Foundation 
Report. Caltrans MTD 20-8 and MTD 20-10 provide methods for determining the surface 
faulting hazard and the resulting demands on bridges. MTD 20-13 provides a method for 
determining the hydrodynamic forces due to the tsunami hazard which are used to determine 
the demands on bridges. MTD 20-14 discusses how to proceed when liquefiable soil may be 
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an issue. MTD 20-15 provides a method for analyzing bridges for lateral spreading. However, 
these memos were written for the design of new bridges. It is overly conservative to design 
existing bridges for several simultaneously occurring seismic hazards with a 5% in 50 year 
probability of occurrence. The chances that the largest ground shaking, liquefaction, and 
lateral spreading hazards in 975 years will occur simultaneously is extremely unlikely and 
even more unlikely for a bridge with a small remaining service life. For existing bridges 
the designer must analyze for each hazard separately, determine if any of them can cause 
the bridge to collapse, and achieve a retrofit design (if needed) that will accommodate the 
effects of each hazard on the bridge4.

Caltrans uses the larger of the deterministic and probabilistic (for a 1000 year return period) 
derived seismic hazards for both new and existing bridges. However, bridges that will remain 
in service for less than five years only need to be analyzed for the hazards that are likely 
to occur during a 100 year return period (10% in 10 years). For instance, if there is a delay 
in the replacement of a vulnerable existing bridge, an interim retrofit for the smaller return 
period of 100 years may be performed to reduce the risk to the public at a reasonable cost. 
MTD 20-2 “Site Seismicity for Temporary Bridges and Stage Construction” provides the 
rules for the seismic design of new and existing temporary bridges. Of course, an acceptable 
alternative for ‘interim’ retrofits is to do nothing if a collapse mechanism does not form for 
this smaller hazard.

Our understanding of seismic hazards and bridge earthquake response has increased since 
MTD 20-4 was first published in 1990. Larger ground motions as well as previously 
unconsidered seismic hazards means that retrofits done in the 1990s may need to be revisited. 
However, because Caltrans has to prioritize the many life safety concerns on state highways 
and locally owned bridges, undue conservatism is not appropriate for the seismic retrofit 
of ordinary bridges.

Background Work And Review
As a preliminary step in determining if a structure requires a retrofit, the designer must verify 
the existing conditions. This would include a review of all the as-built plans including any 
previous work done on the structure, checking Structure Maintenance and Investigations 
(SM&I) records, obtaining site seismicity and geological conditions, and visiting the site 
(if possible) to compare as-built and current site (including traffic and utility) constraints. 
When evaluating a state highway bridge, the designer must also review the STRAIN to 

4.	Long term scour is combined with seismic loads for existing bridges. See the appropriate memo for rules on 
combining hazards.
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assess the need to combine retrofit work with other work such as deck rehabilitation, barrier 
replacement, etc. wherever possible. This must be done as early in the project development 
phase as possible in order to properly scope the project. The designer should contact the 
SM&I bridge program coordinator to discuss the STRAIN recommendations.

Initial Assessment of Structure
Careful consideration must be given to assess the structural response of the entire system 
for the Design Earthquake (as provided in the Geotechnical Services Foundation Report) 
in order to develop an effective seismic retrofit strategy. Prescribed procedures may not 
apply to every situation. For example, yielding of a single element may not be sufficient 
to create a collapse mechanism. The redistribution of additional load in a structural system 
after incremental yielding will be different for each structure. Table 1 provides the maximum 
ductility demand values that are allowed for poorly reinforced substructures that were built 
before the 1971 San Fernando earthquake. These values are based on tests of older columns 
and piles (Priestley, 1991) and of pier walls (Haroun, 1993) that were done during the 
legislative-mandated retrofit program in the 1990s and can be used for an initial assessment 
of older bridges.  The table represents the tested performance of columns with continuous 
reinforcement, and also notes the maximum ductility capacity observed when a member 
contains poorly confined lap splices in main reinforcement5. When analyzing older columns, 
after the substructure elements have reached their maximum ductility, a pinned connection 
can be substituted for the fixed connection and the push-over analysis can be continued.  

Table 1. Maximum allowable displacement ductility capacity, µc,max for poorly confined 
members

Poorly Confined/No Retrofit Steel/Fiber Casing Retrofit

Substructure Member Type lapped main bars cont. main bars lapped main bars cont. main bars

Round Columns 1.5 3.0 5.0 8.0

Rectangular Columns 1.0 3.0 6.0 8.0

Pile/Shaft Extensions 1.5 3.0 5.0 8.0

Pier Walls in weak direction 1.0 4.0 5.0 8.0

										        

5. If the starter bars have an effective lap beyond the plastic hinge, approximately equal to the wall thickness, 
then it will act as a continuous main bar.	
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The designer must evaluate the global bridge model for collapse rather than the failure of 
individual elements. This ‘diagnostic model’ is created to analyze the structure in the as-built 
condition and identify the different collapse scenarios that can occur. Then an incremental 
approach is used to determine the level of retrofit necessary to develop a retrofit strategy that 
achieves the most economical retrofit design while meeting the “No Collapse” performance 
standard. For modeling and analysis guidelines, the designer can refer to the Caltrans SDC:

• 	 Section 2.1 for determining the maximum demands due to the Design Spectrum

• 	 Section 2.1.5 for damping factors

• 	 Section 5.2 – 5.5 for analytical methods.

• 	 Section 5.3 for global analysis modeling including bridges with irregular geometry

• 	 Section 5.6.1 for effective section properties

• 	 Section 6.1 for site seismicity and analyzing for different seismic hazards

• 	 Section 7.8 for abutment response (existing bridges can take greater advantage of 
abutment stiffness to protect weak columns and piers)

Note that acceptable limit states for assessment may be different from those in the SDC. 
For instance new columns have a target displacement ductility demand of 4 to 5, well short 
of their actual capacity, while retrofitted columns are allowed a target ductility demand of 
up to 8 (based on Priestley, 1991). Similarly, the shear strength of new columns is based on 
nominal properties but it is based on expected properties for existing columns. The shear 
model used in SDC is relatively conservative compared to results of experimental testing 
of existing and new columns. In certain situations the UC San Diego shear model can be 
utilized to compute higher capacities on existing columns (Priestley, 1991). Similarly, pier 
wall shear capacity in the weak direction may be overly conservative using the SDC column 
shear degradation model at moderate levels of ductility (Haroun, 1994). The use of alternative 
shear models must be approved at the strategy meeting.

The designer must estimate various modeling parameters, such as abutment stiffness, 
cracked section properties, etc., and run the diagnostic model assuming structural integrity is 
maintained. The resulting displacement demands are then compared with member capacities. 
Some of the Demand/Capacity ratios the designer must check include (but are not limited 
to) ultimate displacement, shear, pile capacities, and seat length. For some pile types such 
as ‘Raymond’ step tapered or timber piles, the capacities are usually assumed to be zero. 
The initial modeling assumptions, such as abutment stiffness, etc., used in the diagnostic 
model are then verified. If necessary, the model is rerun with revised assumptions, and 
then checked again. This process is repeated until the results converge with the assumed 
modeling parameters.
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Material Properties For Existing Bridges
Stresses and strains for structural steel, concrete, and steel reinforcement have changed over 
time. The Concrete Reinforcing Steel Institute published a report (CRSI, 2001) with rebar 
specifications from 1900 to 2001. The expected compressive strength of portland cement 
concrete in good condition can be taken as 5000 psi. The properties of bar reinforcement 
that are not in the table (or in the references) must be established on a project specific basis.

Table 2. Properties for Moment Curvature Analysis

Property Symbol A706 A615 Gr 60 A615 or older Gr 40

Specified Minimum Yield Stress Fy min 60 ksi 60 ksi 40 ksi

Specified Maximum Yield Stress Fy max 78 ksi NA NA

Expected Yield Stress Fye 68 ksi 68 ksi 48 ksi

Specified Minimum Tensile Stress Fu 80 ksi 90 ksi 60 ksi

Expected Tensile Stress Fue 95 ksi 95 ksi 68 ksi

Nominal Yield Strain εy 0.0021 0.0021 0.00138

Expected Yield Strain εye 0.0023 0.0023 0.00166

Ultimate Tensile Strain

               #4 to #10
              #11 to #18

                        

εsu	
0.120
0.090

0.090
0.060

0.120
0.090

Reduced Ultimate Tensile Strain
               #4 to #10
              #11 to #18	 εsu

R 0.090
0.060

0.060
0.040

0.090
0.060

Onset of Strain Hardening
            #8 and smaller
                    #9
             #10 and #11
                   #14
                   #18

εsh

0.0150
0.0125
0.0115
0.0075
0.0050

0.0150
0.0125
0.0115
0.0075
0.0050

14 εy =
0.0193

	

					   



  20-4    Seismic Retrofit Guidelines For Bridges In California               7

Memo to Designers 20-4 • June 2016

LRFD

Development Of Retrofit Strategy
If the diagnostic model indicates that a collapse mechanism exists then the designer must 
estimate the minimum amount of retrofit required6  to meet the “No Collapse” performance 
standard. The diagnostic model with the proposed retrofit is then run. If a collapse mechanism 
for the structural system still exists, additional retrofit measures are required. If the retrofit 
model indicates there is no collapse mechanism and that the associated member demands 
are significantly less than their capacities, the designer must consider reducing the amount of 
retrofit and re-running the model. This procedure is repeated until an optimal, or “preferred” 
retrofit strategy is obtained. 

The designer must consider costs when developing a retrofit bridge model. For instance, the 
abutment and superstructure can sometimes be modified to reduce demands to the columns 
at considerable savings over a column and foundation retrofit. To obtain the cost codes for 
contract items the designer can go to: http://www.dot.ca.gov/des/oe/construction-contract-
standards.html. The codes are input at http://sv08data.dot.ca.gov/contractcost/, which 
provides costs for retrofit and other construction items. This can be useful for estimating 
costs (although final costs will be supplied by Caltrans Structure Office Engineer).

The designer must also consider the hierarchy of different retrofit strategies. Large seats 
have the most direct effect on preventing collapse. Increasing column ductility with casings 
is a common strategy. Increasing column shear strength is also very effective. Strengthening 
foundations may have little effect unless liquefaction with lateral spreading is a threat. 
Even when poor soil is a problem, it is usually more effective (and less expensive) to turn 
the superstructure into a strut that uses the abutments to restrain movement. Single column 
bents are more vulnerable to collapse and may benefit from foundation work (see Section 
8). On a shorter bridge, putting timber blocking between the abutment backwall and the 
superstructure (if there is a gallery) is sometimes sufficient to reduce displacements and 
protect vulnerable elements. 

Seismic design is a balance between strength and ductility. Increasing the ductility of existing 
bridges is usually the most straightforward retrofit. When strength is added to existing bridges, 
other members in the load path must be rechecked to ensure the reliability of the retrofit 
scheme. It is better not to add strength as it usually just makes the seismic demands larger.

The designer must try to use standard retrofit details as much as possible. Bridge Standard 
Detail Sheets (XS Sheets) Section 7 (Caltrans, 2014) provides the most common retrofit 
details that have been tested and known to be effective. Other seismic retrofit details can be 

6. The minimum amount of retrofit is typically the retrofit alternative that satisfies the project report and 
environmental document and can be constructed for the lowest cost. Future maintenance costs must also be 
considered.	
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found in Caltrans BDA 14-5 Example Seismic Retrofit Details (Caltrans, 2008) and in the 
different parts of MTD Section 20. Any deviation from these standard retrofits requires a 
design exception as described in Caltrans MTD 20-11. 

For any alternative retrofit strategy, the designer must clearly demonstrate that the strategy 
is the minimum that meets the “No Collapse” performance standard. The designer must 
also develop sufficient conceptual details for the strategy in order to show that the strategy 
is feasible. Each strategy must address geotechnical, hydraulic, aesthetic, highway, 
environmental, constructability, utility, and other relevant issues. During the strategy 
development phase, the Lead Office must consult with the Office of Earthquake Engineering 
(OEE) for complex strategies.

Following the development of the retrofit strategy, the respective Lead Office must schedule a

Retrofit Strategy Meeting. Other relevant Functional Offices must be present at the meeting.

Lead Offices
• 	 Offices of Structure Design

• 	 Office of Special Funded Projects/Structures Local Assistance (SFP/SLA)

Functional Offices
• 	 Earthquake Engineering

• 	 Geotechnical Design Offices within Geotechnical Services

• 	 Structure Design (for in-house designs and SFP/SLA projects)

• 	 Structure Maintenance and Investigations

• 	 Structure Office Engineer (as needed)

• 	 Structure Construction

• 	 Bridge Architecture and Aesthetics (as needed)

• 	 Structure Hydraulics (as needed)

The Lead Office must provide a Strategy Report to the meeting attendees at least one week 
prior to the Strategy Meeting for simple projects and at least two weeks prior to the Strategy 
Meeting for complicated bridges with multiple frames and/or with multiple hazards. As a 
minimum, the report must include:

• 	 A General Plan indicating the retrofit work for each alternative

• 	 All pertinent as-built plans for the existing bridge
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• 	 A summary of demand/capacity ratios ( μD /μC ), structural vulnerabilities, potential 
collapse mechanisms, and modeling assumptions for the diagnostic model and each 
retrofit alternative. If special retrofit requirements are a result of the findings of the 
Project Report or Environmental Document, they should be shown on the Strategy 
Report 

•	 Preliminary Foundation Report for bridges including geotechnical seismic 
recommendations with ground shaking plus liquefaction or for other multiple hazards

• 	 Conceptual details that show the retrofit alternatives are feasible

• 	 A cost estimate for each alternative

In addition, the designer must be prepared to discuss the analysis methods used to evaluate 
the existing structure as well as all retrofit alternatives.

Caltrans OEE provides a key role before the strategy meeting and must approve the 
earthquake retrofit strategy. The use of pre-strategy consultations with the Office of 
Earthquake Engineering is essential for projects with multiple hazards, as seismic criteria 
and engineering practice are still evolving.

While it is the responsibility of the designer to accurately assess the seismic performance 
of the existing structure, and to develop the retrofit strategy, a successful Strategy Meeting 
achieves consensus among all attendees and confirms that the retrofitted structure meets 
the required performance standard7. Unusual retrofit strategies or performance standards 
require a design exception. 

The Lead Office Chief will give final approval of the retrofit strategy and grant exceptions 
to retrofit requirements when necessary. When disagreements occur between OEE and the 
Lead Office, they will be resolved by the OEE Chief.  After approval the Seismic Retrofit 
Assessment Form (MTD 20-4 Attachment A)8  must be completed by the designer and 
included in the Final Strategy Report. The Lead Office must also submit a copy to the OEE 
Chief, for incorporation into the permanent bridge records. 

Structures may require seismic evaluation and retrofit when modified (widening, 
rehabilitation, etc.) as discussed in MTD 20-12 (Caltrans, 2013) and MTD 9-3 (Caltrans, 
2010). In these cases, the Strategy Meeting may be combined with the Type Selection Meeting 
(See MTD 1-29). The designer is required to demonstrate that the new or widened portion 

7. The minimum required performance standard is “No Collapse” unless directed otherwise by the Lead 
Office Chief with concurrence from the Chief of OEE.	

8. The purpose of the Seismic Retrofit Assessment form is to keep a record of previous seismic evaluations 
for future reference.  Sometimes an APS or Strategy Meeting concludes that no retrofit is required.  This 
conclusion should be documented on a Seismic Retrofit Assessment form.	
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of the structure meets the SDC requirements while the combined structure meets the “No 
Collapse” performance standard. (See MTD 9-3 for additional guidelines and information). 
For complex strategies, the Lead Office may consider meeting with OEE prior to the Type 
Selection/Strategy Meeting in order to gain consensus on the recommended seismic retrofit 
strategies. In cases where there is an adjacent structure with potential seismic vulnerabilities 
similar to the bridge being modified (for example left and right bridges), it is important to 
ensure the adjacent structure is either retrofitted or programmed for future retrofit assessment. 
This must be accomplished by submitting a Seismic Retrofit Assessment Form (Attachment 
A) to the Office of Earthquake Engineering.

Retrofit Design Considerations
In order to meet the goal of the “No Collapse” performance standard, the designer must 
consider the most common vulnerabilities that may lead to collapse mechanisms and are 
described below.

Single Column Bents
Prior to 1971, single column bents were constructed with dowels protruding from the top 
of the footing (called ‘starter bars’). The column cage was then connected to the dowels by 
lap splices. These lap splices usually had insufficient length and confinement to maintain 
enough fixity to develop the plastic capacity of the column. 

Slippage of the lap splice at the bottom of the column may compromise the fixity and affect the 

overall stability of the structure. When retrofitting a column to maintain flexural capacity, 
the column’s overstrength moment ( Mo

col = 1.2 × Mp
col ) will be transferred to the footing 

and consideration must be given to strengthening the footing in order to resist the resulting 
moment. However, rotation of a footing is not necessarily a collapse mechanism. Axial 
displacement of a pile through the competent soil will dissipate energy during the earthquake. 
Therefore, it may not be necessary to ensure fixity at every column/footing connection. 
Slipping of the lap splices may be permitted provided the vertical load carrying capacity of 
the column is not compromised. Retrofit design allows some lap splices to release provided 
there is sufficient strength in the frame to prevent collapse.

When instability of a single column bent could result in a bridge collapse, the designer 
should consider using a Class F column casing to protect the column and the connection 
to the foundation.
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Multi-Column Bents
In multi-column bents, the columns are typically pinned at the base. In these cases, the 
designer must check that the footing can resist moments and forces based on the shear 
capacity of the pin. If the column/footing connection is fixed, the designer must consider 
the consequences if the fixed condition is lost during the earthquake. If the fixed condition 
is necessary for structural stability, the designer must take appropriate measures (such as 
Class F casings and footing retrofits) to prevent collapse. 

Foundations
Damage to abutments and footing piles is acceptable provided this does not lead to a collapse 
of the structure. In a pile type foundation, if a fixed column condition is not required, 
foundation damage that could result in a substantial loss of fixity of the column may be 
acceptable. However, there must be a sufficient number of piles in the resulting effective 
foundation region to maintain the vertical capacity of the structure. The effective foundation 
region is assumed to be an area bounded by the column and one half of the footing depth on 
either side of the column. Similarly for spread footings, the effective area under the column 
must be sufficient to maintain vertical load carrying capacity.

Pile Extensions
In the case of relatively short slab bridges (typically 4 spans or less) on pile extensions, 
the diaphragm-type abutments typically provide most of the lateral resistance. The pile 
extensions may exceed their ultimate displacement capacities provided they maintain their 
vertical load carrying capacity. 

Transverse Reinforcement
Shear failures are brittle, and therefore the shear demand/capacity ratio must remain below 
1.0. For structures with minimal and poorly detailed (#4 ties at 12 inches) transverse lapped 
reinforcement, the designer must assume that only the concrete provides shear resistance. 
In this case the bridge should be modeled as unconfined concrete.

For bridges that have improved transverse column reinforcement details, it may be assumed 
that both concrete and steel provide shear resistance. The designer may refer to “Seismic 
Assessment and Retrofit of Bridges” (Priestley, 1991) for help evaluating the shear capacity of 
older columns.  The shear capacity of existing columns may be determined with the methods 
described in SDC Section 3.6 using expected properties instead of the nominal properties 
that are required for new bridges. Refer to Section 5 of this memo for more information on 
evaluating the shear capacity of columns.
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Abutments
On shorter bridges (typically 4 spans or less), the abutments may provide significant 
resistance to longitudinal movement. Using methods discussed in SDC Section 7.8.1, the 
designer may apply longitudinal abutment springs to structural models. Typically on seat 
type abutments, the shear keys and backwalls will fail at the Design Earthquake. It may 
also be worthwhile to increase the damping of shorter bridges by following the procedure 
in Caltrans SDC Section 2.1.5.

Bent Caps
In bridges with multi-column bents, hinging could occur in the bent cap. While this is not 
desirable, it may not necessarily lead to a collapse of the structure. For box girder bridges, 
the bent cap remains effective as long as its displacement ductility capacity (measured in 
rotation, curvature, or displacement) is greater than the displacement demand from the 
Design Earthquake. For other types of bridges, as long as the transverse displacement of 
the bent is less than two times the displacement that causes the bent cap to yield, and there 
is sufficient shear reinforcement (VS ) in the cap to resist the shear due to the plastic moment 
of the bent cap and dead load (VP+VDL ), they remain effective in preventing collapse. When 
there are tightly spaced stirrups in the cap (to prevent excessive cracking), VC  may also be 
considered when determining the shear capacity of the bent cap. The effective width of the 
bent cap for considering its flexural and shear capacity is the cap width plus 12 times the 
top or bottom slab thickness (as illustrated in SDC Section 7.3.1.1).

At displacement ductility ratios above 2.0, the designer must demonstrate that even if the bent 
cap hinge degrades to a natural hinge (pin), adjacent elements like columns and abutments 
will continue to support the superstructure and prevent collapse.

P-Δ Effects
The P-Δ check is intended to ensure adequate results when using the equal displacement 
principle (between linear and nonlinear systems). The SDC treats P-Δ at the local level 
and the limit of 0.2 in SDC Section 4.2 was adopted to be on the conservative side for new 
bridges. MTD 20-4 treats P-Δ as a system parameter that is often addressed by ensuring 
continuity of the superstructure. Therefore the P-Δ limit for existing bridges can vary from 
0.2 to 0.3. For movements in the longitudinal direction, the soil mass behind the abutment 
may be sufficient to prevent additional movement caused by P-Δ (the soil mass acts as a 
restoring force). 

For cases where the P-Δ effect is a concern, the designer may evaluate the marginal increase 
in the displacement demand due to second order effects using time history methods of 
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analyses that include geometric nonlinearity. The designer should consult with the Office 
of Earthquake Engineering (or their liaison engineer) for more information. 

Pier Walls
Pier walls must be analyzed as columns in the weak direction, and as a shear element in the 
strong direction. For bending in the weak direction (given continuous main reinforcement 
in plastic hinges) the calculated displacement ductility demand is capped at 4.0. For lapped 
starter bars, the ductility of all structural members must be limited to 1.5µC (but see footnote 
5). More information on the behavior of pier walls is available from a series a tests that were 
done at UC Irvine (Haroun, 1993). For existing bridges, the shear demand of pier walls in 
the strong direction can be calculated as the peak of the Design Spectra while the capacity 
can be determined from the less conservative UCSD shear equation. Damage to piles is 
acceptable in the strong direction provided the stability of the pier wall is not compromised 
in the weak direction. 

Unbalanced Bents and Frames 
Previous earthquakes have demonstrated the vulnerability of unbalanced columns in a bent 
and unbalanced bents in a frame. In these systems there is unequal sharing of the seismic 
demand. The stiffer elements will carry more of the inertial load and be unable to displace 
as much as the other members and they can break. It is difficult to modify an unbalanced 
system. The best solution is to provide isolation casings in the soil around stiffer elements 
to give them a greater displacement capacity. Column casings and isolation bearings have 
also been used to increase the displacement capacity of stiffer elements. 

Unbalanced frames have out-of-phase motion that can result in the frames moving away 
from each other and dropping a span at the hinge. The solution for these situations is provide 
pipe seat extenders or other devices to prevent unseating.

Expansion Joints
On longer bridges with continuous superstructures, expansion joints are used to allow for 
thermal expansion. The designer must ensure that the hinge has sufficient seat length to 
accommodate differential movements between adjacent frames for the Design Earthquake. 
Caltrans SDC Section 7.2.5.4 provides guidance for determining adequate seat length, 
however, the 24-inch minimum seat length required by Caltrans SDC does not apply to 
retrofits. When in-span hinge seats are less than twelve inches, the seat must be retrofitted 
with pipe seat extenders. Use of cable restrainers instead of pipe seat extenders to prevent 
unseating requires a design exception. 
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When it is necessary to core through hinge diaphragms or bent caps in order to place pipe 
seat extenders or hinge restrainers, the designer is cautioned to avoid structurally critical 
elements such as pre-stressing steel or shear reinforcement.

On some existing cable restrainer systems, the cables were grouted into the openings, 
essentially reducing the effective length of the cables to a few inches. The designer must 
refer to the as-built plans to determine if the existing cables were grouted. The designer must 
consider that in a seismic event, grouted cable restrainers could fail at small movements 
thus leaving the hinge unrestrained, and therefore take appropriate measures such as pipe 
seat extenders.

Simple Spans
On bridges with simple span superstructures, the designer must ensure that the spans remain 
seated on the abutments and bents for the Design Earthquake. Often, it is not practical to 
place pipe seat extenders in these situations. Catcher blocks and shear keys are an effective 
means of retrofit for these situations and typical details may be found in BDA 14-5. Use of 
cable restrainers to prevent unseating of bridges with simple spans requires an approved 
design exception.

Rocker Bearings
On some structures, tall rocker bearings were used at the abutments and at the bent caps 
on simple span configurations. For the Design Earthquake these bearings could fail and 
result in a drop of the superstructure. While a drop of six inches or less is not typically 
catastrophic, a potential drop greater than this must be investigated in order to ensure that 
the structure is not vulnerable. When the height of the rocker bearing is greater than 2/3 of 
the seat length, the superstructure could become unseated and the designer must consider 
appropriate retrofit measures.

Flared Columns on Multi-Column Bents
Flares on columns are an architectural feature on some bridges in California. It is desirable 
for plastic hinges to form at the top and bottom of the column as this minimizes its plastic 
shear and rotational demands. However, flares on multi-column bents typically cause a 
hinge to form at the base of the flare rather than at the top of the column thus increasing 
the column’s plastic shear demand in the prismatic portion and potentially exceeding its 
rotational capacity.
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Liquefaction
Liquefaction (the loss of strength of saturated cohesionless soils during earthquakes) can 
damage a bridge due to reduced lateral resistance, excessive foundation settlement, or due 
to increased axial loading (as a result of downdrag forces).  The designer must determine if 
liquefaction will result in collapse. If a potential collapse mechanism exists, either footing 
modification or soil improvement is usually required to meet the “No Collapse” performance 
standard. In these situations, the designer is referred to MTD 20-14 and 20-15 for guidance.

Lateral Spreading
A bridge can be damaged by lateral soil movement caused by a combination of sloping 
ground, horizontal shaking, and reduced soil strength.  If foundations are not sufficiently 
stiff or strong enough to resist these lateral displacement demands, damage may occur in 
the form of superstructure unseating and/or excess deformation of columns and foundation 
elements.  MTD 20-15 addresses lateral spreading for new bridges and requires that the lateral 
spreading demand should be combined with the demand due to ground shaking. Following 
the policy previously stated in this memo, lateral spreading and the ground shaking are 
considered separately for existing bridges and the designer must ensure that the bridge will 
not collapse for either of these demands.

Scour
Scour is the transportation of the soil supporting bridge foundations in streams and rivers. 
Although most hazards are considered separately for retrofit design, scour must be considered 
in combination with seismic hazards. Caltrans SDC Section 2.2.5 provides the rules for 
considering scour in combination with different seismic hazards on new bridges. For existing 
bridges the seismic evaluation must be based on long term scour plus each seismic hazard 
(considered separately) where long term scour considers the remaining life of the bridge 
and the hydraulics report.

Joint Shear
Since the early 1990’s, greater emphasis has been placed on joint shear considerations in 
the seismic design of bridges. Previously, joints were modeled as either fixed or pinned if 
demands exceeded the elastic joint shear capacity. As a joint is cycled at high ductilities 
during a seismic event, it may lose some of its ability to carry moment and degrade to a 
rotational spring or pin. Degradation models for modeling column/beam joints as a spring 
are available. A procedure and example for determining the effects of joint shear may be 
found in the BDA 14-4. 
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While joint shear is not typically a collapse mechanism and retrofit is not usually required, 
on long viaducts a large number of adjacent joints that form pins could potentially lead to 
instability of the structure. In these situations, with the concurrence of the Lead Office Chief, 
the designer must demonstrate that a potential collapse mechanism exists and retrofit the 
minimum number of joints to ensure structural stability.

The procedure for determining joint shear on pre-1994 structures was developed from 
research (Mazzoni, 2004). The procedure may require modification as the knowledge 
base increases. The proof test for the joint shear retrofit strategy on existing bridges is still 
pending. Therefore, the Lead Office must obtain approval for the design and details for 
joint retrofit from OEE.

Common Retrofit Measures For Existing Bridges
Steel Column Casing
The most common column retrofit is to encase the column with a steel casing to increase the 
confinement and to improve the flexural ductility and shear capacity of the column. There 
are two classes of steel column casing retrofit currently in use, Class F and Class P/F. These 
types of casings must be circular for square and round columns, and elliptical for rectangular 
columns (refer to BDA 14-2 for casing and radius requirements). However, when retrofitting 
for shear only, it is not necessary to maintain a circular or elliptical shape. Flat plates may 
be used when required due to limited horizontal clearance.

In the Class F retrofit, no gap is provided in the space between the column and the steel 
casing resulting in full-length confinement of the column. This limits the dilation of the 
concrete and prevents lap splices from slipping thus ensuring the fixed condition of the 
column/footing connection remains intact. The supporting footing must be stronger than  
1.2 Mp of the column if the bridge system requires successful plastic hinging at this location.

In the Class P/F retrofit, a gap between the column and steel casing is provided around the 
plastic hinge region near the bottom of the column. This allows the concrete to dilate and 
the lap splices to slip and ensures that a pin will form at the bottom of the column. The Class 
P/F column casing just allows the column’s nominal moment capacity (Mn ) to be transferred 
to the footing, often eliminating the need for a footing retrofit. However, the column shear 
capacity in the lap splice region is limited to the capacity of the steel casing. Details for 
column casings (Both Class F and Class P/F) can be found in BDA 14-2 and the Bridge 
Standard Detail Sheets XS7-010.  



  20-4    Seismic Retrofit Guidelines For Bridges In California               17

Memo to Designers 20-4 • June 2016

LRFD

Footings
When Class F column shells are used in single column bents, it is assumed that the footing 
(including pile caps) resists the column’s overstrength moment or the controlling foundation 
moment capacity. For structures designed prior to 1971, the following vulnerabilities may 
exist in the footings:

• 	 No top mat of reinforcing steel.

• 	 Inadequate tension ties connecting the pile and the footing.

• 	 Inadequate pile capacity for the column’s plastic moment9.

• 	 Insufficient shear strength in the piles to resist the column’s plastic shear.

Composite Column Casings
Occasionally, space or clearance considerations do not allow steel column casings to be used 
for retrofit. In some of these cases, Fiber Reinforced Polymer (FRP) composite casings may 
be used instead. The primary column retrofit for flexural and shear issues is steel casings. 
However, FRP has been proven to be effective under certain conditions. Caltrans has limited 
test data for the shear capacity of FRP wrapped columns, but these results show it to be an 
effective retrofit strategy (Pulido, 2002). See BDA 14-3 for procedures and specifications 
when using this alternative.

Infill Walls
In multi-column bents, the infill wall is an inexpensive and effective retrofit for addressing 
transverse vulnerabilities both in the columns and in the bent cap. Research has shown that 
infill walls perform the same whether the concrete is poured up to the soffit or a six inch gap 
is left between the top of the wall and the soffit (Haroun, 2001). Doweling into the soffit of 
the bent cap does not provide any additional capacity and thus is not recommended. Typical 
details for the in-fill wall may be found in BDA 14-5. In the longitudinal direction infill 
walls act as a catcher to prevent collapse. Because infill walls are shear-critical elements 
their use is discouraged when a flexural system with larger displacement capacity is feasible.

9. Typical details for a footing retrofit may be found in BDA 14-5.	
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Abutment Strengthening
On short bridges, mobilizing the soil behind the abutments may be sufficient to reduce 
displacement demands below the structure’s displacement capacity. This may be accomplished 
by strengthening the abutment diaphragm, or in the case of seat type abutments, connecting 
the superstructure end diaphragm to the seat. When a large gap exists between the end 
diaphragm of the superstructure and the abutment backwall, the soil behind the backwall 
can be mobilized by eliminating the gap with concrete or timber blocking. The designer is 
cautioned to leave a small gap that still allows for service load and temperature movements 
of the structure.

Catcher Blocks
Abutment bearings frequently fail during seismic events. However, such localized failure is 
not generally catastrophic unless the drop exceeds six inches. Seat catchers are an effective 
and inexpensive method of limiting superstructure drop and providing additional seat length 
as well. Catchers may also be used on bent caps for simply supported spans.

Cable Restrainers
Use of restrainers are at the discretion of the designer. They are effective in limiting the 
displacements for small to moderate seismic events. Restrainers are not considered to be 
effective at preventing unseating, and so their use to reduce displacement demand in a seismic 
retrofit requires an approved design exception. If existing restrainers are retained, anchorages 
must be checked for proper gapping and anchor nuts secured with a thread locking system.

Pipe Seat Extenders
Pipe seat extenders are effective in preventing collapse of a hinge span; however, the bridge 
may not be serviceable when the hinge opens sufficiently to engage the extenders. Therefore 
when pipe seat extenders are used for retrofit, consideration must be given to placing cable 
restrainers through the pipe and anchoring them to the adjacent bent cap. Restrainers may 
limit the differential movement in the hinge during moderate events and reduce damage to 
the bearing pads and expansion joints.

The typical detail, found in BDA 14-5 and Bridge Standard Detail Sheets (XS Sheets) 
Section 7, for a pipe seat extender makes use of Pipe XX-Strong (ASTM A-53 Grade B). 
The allowable load that can be carried by pipe seat extenders depends on the anticipated 
displacement demand, ΔD and the seat length (See Figure 1). 
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For an 8-inch seat (or less), each pipe can carry 300 kips at unseating, 200 kips at ΔD = 12 
inches, and 135 kips at ΔD = 18 inches. 

For a 12-inch seat each pipe can only carry 200 kips at unseating and 135 kips at ΔD = 18 
inches. 

For an 18-inch seat each pipe can only carry 135 kips at unseating.

		  Figure 1. Unseating at pipe seat extender

Pipe seat extenders must be installed so that movement of the bridge under service conditions 
is not restricted (typically the extenders must be placed parallel to the girders). In addition, the 
designer must evaluate the capacity of the supporting hinge diaphragm.  Pipe seat extenders 
are also effective as shear keys for existing bridges.

Foundation Retrofit
Typically, footings are strengthened by the addition of a top mat of reinforcing steel and 
additional piles. A foundation retrofit is usually costly and careful consideration must be given 
to retrofitting only the minimum number required to meet the “No Collapse” performance 
standard. Past foundation retrofits have included tie-downs (as an alternative to piles in 
tension) and micropiles (handy when working under the superstructure). Typical details for 
footing retrofits may be found in BDA 14-5.
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Flare Isolation
Isolating a column flare is an inexpensive and effective method of eliminating the potential 
hinge formation at the base of the flare. Flares may be isolated by cutting the flare steel. 
However, the designer must ensure that the steel being cut is not necessary for structural 
integrity, and in any case, the main column reinforcement must not be cut or damaged. If the 
flare steel is main column reinforcement, other retrofit measures must be used. In addition 
to cutting the steel, the top four inches of concrete is removed in order to allow the top of 
the column to rotate freely (Sanchez, 1997). The removal of the concrete will increase the 
span length of the bent cap and the designer must ensure that the modified bent cap meets 
service load requirements.

Seismic Isolation
Occasionally, a situation is encountered where physical constraints prevent the use of 
more conventional measures for retrofitting the substructure of a bridge. In these cases, 
isolation may be used as an alternate method by reducing the seismic forces transmitted 
to the substructure from the superstructure and reducing the need for substructure retrofit. 
However, the force transfer through the isolation device may overload an existing column 
with poor confinement in which case a substructure retrofit will still be required. Seismic 
isolation may also be used to improve the mass/stiffness ratio of adjacent frames. However, 
when using seismic isolators, there must be sufficient clearance between the soffit of the 
superstructure and the top of the bent cap in order to place the isolators. In addition, the 
superstructure must be free to move a sufficient amount for the isolators to be effective. The 
designer is referred to the AASHTO Guide Specifications for Seismic Isolation Design for 
more information (AASHTO, 2014). 

Other Retrofit Measures
While these retrofit measures are the most commonly used by Caltrans, there are many 
other methods available to the designer for retrofitting highway structures. In developing 
alternative retrofit measures, the designer must ensure that these measures address the 
vulnerabilities identified in the diagnostic model, and that the retrofitted structure meets the 
“No Collapse” performance standard. See BDA 14-5 for common seismic vulnerabilities 
and typical details for common seismic retrofits. Alternative retrofit measures require an 
exception from Caltrans OEE.
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EPsθη田Kθθ俗 aK劦 θ wU尸〃 ‘ 尨a祊ηg∫θ赤羽5打 U加〃UKθmgJKθθr加gεη妱r你.U勿r磁 尨1戶物多 ar〞 ∫θ心羽5

打U加〞9UK∫U幼toU妳 乃avθ ∫勿“ 勿ηπaJ〞 〞砲prUvθσ 廝θ ∫θ打羽5′ θ咖 r羽aKaˊ br羽 aη q√ 物θ wUr〃 6羽 U∫了

;叩Urㄉ乃tSθ打羽5aJJ,於 U加勿σ∫rr.彷ε砌r“,W乃 j泛 st塈弟 taKrJ,rθ d切εjKgεUK∫rr犽aㄌ刀εU∫ rj,.

t小π9∫ㄌ〞agε I餾尼易╯4鈕侈a〞〃7a五丕刀65U

FJψ尨 Pθ乃劦 舠羽rfBθa′羽g

&ㄌ物θCt竹羽 J9●抱砌〞ㄉ99r.ˊ ⊿〞 a方 歾 r方φ D銘羽 t〃 ㄉ 刀 夃 〃 β r餾 仂 J́r.羽加

m∫ θFCg翃θθK昭 η〞 a加a刀εθσ∫θ打沕竹 赤U加〞9U刀 θJ9g切θθ刀Kg

ㄌ 物θ 滮 ∫JgraKσ εU那 rr勿εrㄌKσ
.r“
加 θ〞 aKσ ∫姆 ㄌ 加a乙厖

∫〞〞ε砌 r“ 〃比〃 K比”切 滮 trat〃 o〞 ㄉ 力 KaㄌK好 eraK

θar物σ彷a眨.U犽 r Γ”a栩  PθK翃〃切沕砌 tθar。Kg∫ a〞θ 廝θ

夕〞θ羽尨r ∫θ加羽 jε 赤U加toUK P〃U〞勿εrj., prUvoσ 9ηg 〃昭 乙θ∫t

∫θ打羽5夕 e唃r羽 aKεθ at劦 θ 伈w鉗  切∫勿JJeσ εU∫6 U彷r

a劦aKεθ說 仰 ′厖 PθK劦幼羽 乙θar加g你 a羽彷加 -∫仁age乙εari孔g

物a′ qo幼勿汔“ ∫θ赤羽沁 Pe巾刀所aKεθ磁tr切g∫羽a既 沕θ祊勿沕

aKσ 北ˊge羽 r物σ勿ai抸 θvθKrs.,w加尨 K〞切dKg歾 θ εU∫你 tˊ

aCεU羽羽 UVb〃Kg廝 θ了a「gcstθ ar歾σ彷a砭s.

4由翃ηC“ 加 PSFr.沁 tㄌKPθ刀翃祝勿92碰 勿ε乃ηU,U田 乃avε 羽 atθ 〃 θεUKU〃 5a了 ㄌ εU綹rr彷tt/加〃jtjc∫ 劦 arP幼 尨 c.r

εUK尨K赤,KUK-∫〞釮ε幼 ′aJσU羽PUKθ K於,羽 σ ∫rr彷ε砌 r“ 戶 U沕 磁,羽agθ d防r9Kg物 θ 羽 U∫〞∫θVθrθ 羽 r廝σ芴a柉∫.〞t物

EP∫ ㎎ 切 θθ紹 σ aησ 羽 aη咖 c砌翃 ∫葫 羽 5於 U加〃UK∫U勉〞ㄌ 你 ,KεWε UK∫帆 aㄌ KεaKεU㎡ tess滮 aK羽 切 翩

εUdedes;辟s乙外θσUK〞tσ〃ㄌη〞 x加羽5σ“惁K羽θ物U赤.θU妳θσ笏θ吼4,滮 ∫想〞t。ηg力 rεU〞 j刀釮θ虎犯 Kc.rㄉ K〞o〞

心 KUWaKθ εUKU羽比a了 aησPrac.r始 a了 aJre〃η多加θㄉ εUaㄅ 滮 ∫′耶 物a〞 :穊p厖羽θKrUKJ,,物θ羽加力η釮羽 εU比φ sθ

PKVθ刀加 Kp巧U勿ε加 Kθsrθσ”o紹σㄋV加w.



胖 ∫ c“VK 昒θ 乃惁乃θ“ θ刀g加θθro刀gσ πθ了′εa′ㄌη∫, ∫Ψ e〃ㄌ〃 p〃Uσvε您, 吻θ 乙〃Uaσ“ r′η 了θJ99θη翃 rㄌη

3xPer尨ηεθ,θησ r乃θ I99U“ εUF99Prθ乃θ刀㎡Vθ J99aη咖 cr〞r9刀ga刀σ r“ rjJ,g.EP∫ 乃θ∫ 油〃θθP刀ηεφθ了∫rJ.“εrzr〃 a了

θηgiηθθ你,θaε乃 w′r9,〞Urθ rr,aη 2JˊθaKeΨ e刀θ刀εθ加 rr9θ 涕你想 Ka刀σ jI99P泛 J99θη翃 r怕ησ竹θ心J99沁 心U加rㄌ刀.

〞ㄅ 羽 ㄉrx赤 J,9之 5U了arjUη ∫U了“′′U刀∫θ刀σ夕〃UV比尨 θ刀g′刀θθr′刀g∫枕ppUrr∫θrv′ε“ ㄌ ′rσθεrθηg′刀θε俗 ㄌ 乃θV

r/,θ,,,θvaJjra紹 r/9θ 佗ε乃η5a了 aησεU∫r乙θ刀ψ rS’ r9,θ′EPS3xPerr∫ θ赤r995心U加′ㄌηθηgJ9,θθ〃iηga刀σprUJJrε你

εaη 乙riI,gㄉ aεU妳〞πεrbη Prσθa 歹阣 狫 ve了η 卬η了′εarㄌ〞Ψ “′ε∫θ打r9J5打 U加rbη ∫U了πrb你,心U加rbK

Ψ∫rθ J,Jσθ∫想η∫,aησtθar′Kgσθ∫想η∫w′r乃 g“a〃aη佬θσp/′ε台 .
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F9,iε rㄌη Pε刀Jfrrfr,F,m’ tεar;竹g∫ aK∫ θ心1,πε 心U加久VTr/9a′ tK

加∫ㄉ及〞 乙awθβ刀 a∫〞“εrrrrθ aησ ′你 ∫U城η〞a′bη ㄉ PrUrθεr

r9,θ ∫πpP‘vγεσ ∫〞勿εr“rε ╯9Ur,,ε arrJ,σ va乃ε grUπησ ∫乃a乃′ηg.

V:加gFJ.′abη PθηJfrJErrP,加 紹ε乃刀U及刀ζ匕 〃 心 εU∫r-a石ㄉc′”θㄉ

t切〃σ∫rrvε r“r“ ㄉ ε九浴r′ε〞〞 r邵必rεa〃r/,σ“a拋 gㄌvησ
〞Ur′Uη∫〃′rr,U“ r∫〞“ε′“〃πta羽 agε

FJ.′εrbη Pε刀J2r/IrJ991.r乙 εθr′n眷 “∫θ 油θ ε乃araε紹r怒 r′ε∫ ‘́ a

pθηJfrr2r,,,rU了θJ9g物θη ′乃θ 刀arfr石 a了 pθ刀Uσ qㄏ 油θ 心Uㄉ紹σ

∫rJ.〃εrJrrθ ∫Ua∫ rUaVU〞 r9,θ ∫〞U$麥∫′θar妨σ犽a柉 b́rε“

Dvr′J,gaη θσr吻σ〞a竹e,rr,ε ∫防PPUr佗σ∫〞〃εr.rrθ r,FUv“ 91,′ r9,

∫羽a〃  pεηJfr了IrJ99  J99Ur′ Uη∫. ∫切εε  θarr99σ 2ra乃ε  jη tπεθ́

祊v加εθJ99θη你 Uεrfrr夕 r”ηa′〃9切 r99ε tεa幼 9g,,幼 rθraJ伈a廊

〞η刀∫羽9rrθσㄉ r/,θ ∫〞〞εr“rθ arε grεa′〞 rθ Jfrεθ〞

肋 θ ∫9ηgZθ  Pθηtv了〞〞 Bε ar′J9g 怒 ′乃ε Ur想′ηa了 FJ.′εr′Uη

Pθ9,JJf′2J羽 ﹁́v乙θar切g.Tr9θ ∫9J,g厖 ∫〃加 JP.a′ηra加∫油θvθ rr′εa′

及,aσ ∫矺ppU〃rarr/,ε cεηrθrUㄏ r/,ε ∫〞“εr“ra′ 羽θ羽 tθr.t力 右

qㄌ 你 CUη9rtK′b刀 εU“ θσva阿〞ag“ rUη θ ∫rJ.釘 CrIr〃〞 ‘vUㄉ 1,9

赤 肥 a乃ε已 θ′r/,θratUvθ U〃 乙θ了Uvv r9,θ 乙εar9n思 E㏑β tθar′
、
思

a狋U乃 a∫ a了Uw乃θ愆乃‘ 1l,乃 5乃 εaη 乙θaσva刀rageU“∫iη ∫Ur99θ

jη∫ra〃ar′Uη∫

FZ,ε  TJψ泛 PθηJJ而羽加 乙θar′r,g 加εU叩U〃油外 r乃 rεθ

P“ JJrˊ,rJl9∫ ′ηU刀ε拖θr′i,g, εaε乃wjr乃 prφpεrr9ε∫∫θJθε紹σ′b

φpt加拉θr/,θ ∫〞zrcr〃 rθ 6rθΨU附ε力rⅦc紹f9rθarr9,σ“a泛
∫rJ.θI,g〃芬aησ戶η耀πi“ .

Γ乃ε Γεη∫′Uη Capa乙彪 Bθar′J9gε aη aε6Ur,9〞 U‘加 rθ ∫〞vε rfrrε

vθ r′′c〞 ba赤 妨〞 vaη ′沁〞 εU聈θr“∫ㄌηㄌ rθ妳ㄌη�切r了ηg

∫θ怒羽5〞 UVε /92θη你.r●9打 乙θa刀ηgεaη ∫v乙∫ㄉηr加了〞 rθ Jfrεε

∫〞〞εr〞η ′戶 a〞′F,gε“ 打 ㄉ 夕 rθ K刀 r′J9gεφ ↙′ ta夕 r′F9,aη

∫〞 Jπr.〃η了 J99θ r9仍θ‘ ar,σ εa刀 ε′9rl9919arθ  εUπ εη倦 〞Cga〃方rFg

pU佬η′′aˊ ∫rJ.πεrJ〞εUvεrrzrrη′qSUr此〃gθ vθr〃εa了 θa翃σJra〞θ

η?Ur9Ur,∫ .
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勸 θ FF力”θ P翗 JZJJJf所 Ⅲ ta〞 i9,g昈 K乙 θrrc/

∫ε心〞 5pc咖 rr,.θ刀CC, ↙Uwθ r乙 εar〞〞gε U∫治 , a刀σ

加 θr  εUηs〞”ε〃UJ9  εU∫您  a∫  εUη arθσ  rU

CUη Vθη〃Uηa了 ∫ε忐F995 心U加 rㄌη rθε乃ηU′Ug.Γ 加e

夕ra妱〃′θ∫ q√ θaε乃 ↙ r9,θ  tθar切g6 妨rθε

′θη功吻rErFF,∫ arε ε乃U∫θ刀 ㄉ 乙θεU〞θ ∫θσ“θ乃t翃了〞

ac.rㄉθ a〞 暪 crεKtθa〃r/,σ“初眨 ∫′rθJ,gr/,∫ .4∫ r9,ε

8γUfrη σ I29U〃U刀∫ 乙θεU〞ε ∫〞UJ9b.θr, r/9θ  乙εar′r9g

djsP加εθJ,.θη您加εrθa∫θ.X′ g〃θa紹 r it∫pㄉεθI99t,9,你
,

r/,θ 喦 c′加θpθηt〃 Jπ〞 泛F,gt乃 a刀σ油θ殘 c′′vθ

σamP;竹g 加εrθa∫θ, rε∫”′r9ηg iη Úwεr ∫θ赤羽5

力沒又芬aησtεar′r,git∫pㄉεθ羽εη你.

勸θ 乃吻好θ PθηJErJ“ ,99,1ltεσr′J9g6 9ηηθr你 U了aㄌr
εUη∫絲 qㄏ a刀 加ηθr∫了′atr物 ar∫ J′at∫ a伈ηgn〃U

′η欣γ ε羽 a” θ i9P/Fcr5〞 砌 仍 “ ∫.PI.φ θrt′“ t

r99θ 切ηθrPθηa吻↙〃Jl9arθ ●φ′a了〞ε乃U∫θηㄉ rθ Jirεθ

r/,θ pθa方 aεεε泛羽′bη∫ acr加gU刀 r/9ε 打U加紹σ

∫〞“εr“rε  a刀 ˊ  j您  εUη紹 刀rS., r,” K′1,力之θ  rZFθ

Parrˊε′ a′ㄌ η t乃 ●g乃θr ∫〞〃εr“′t 〞 U燙 ∫, a刀ˊ

紹 J2Kε ∫〞 Irr′〃rθ 蹈 θar力 沒又芬 r●9ErrU“πrJJrrJJ,g

∫θ′
′
V′εθ及外K〃 θarr9,σ〃akes

t乃θ n〞U ∫〃勿  εUJ,εaVθ∫, ∫了〞〞q名 aˊU99g r/,ε nφU

〞θ加  εU刀εaVθ ∫v咖 c“, εUr99Pr打ε n〞U r,,Urθ

′ηJφ e〃彪ηrpθηθ幼rJrF,,5U加 ㄉ 你 .P9.πxr′′“ orr99θ

∫εεUησpεηJ2rrJriJ,arθ 句φ 5a了〞 ε乃U∫θㄔㄉ 199氻 9J99〞ε

r乃θ∫〞〃εr“rθ ∫乃εar力rt“ r/,arUεεπ〞祊tr′gr●,ε

σθ∫9gJ,  乙a∫′∫  εar′乃σπa〞θ. 7乃′∫  rθ r/zrεθ∫

εUη∫〞〃ε′′Uη tU∫你●√r99θ ∫〞vεr“rθ.Pr.qpεrr腐 t
r9,θ  r9”′σ pθKσ〞π羽 arε 卯 ε〞〞 ε乃U∫θη ㄌ
r,9加9羽泛ε乙θar9J,gδ;sP加εεJ,,θ刀你 r/9〞 UcεπrJrrr′ FPg

r’9θ 羽餅′F99π r9Tε rε祊乙尨 θarr/,σ“a/fg.形心 ｝tJfrεθ∫

r乃θ∫抸θaησεU∫rqㄏ r/,θ 乙θar加g‘,a刀σrεt〞ε“ rr,θ

祊乎 乃,εθ〞Pf9你 〞σ“′rθˊ.角rrJ,θ ∫rr.〞εrFrrθ 6∫θ打所5

gφ∫.
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S打ng一ePeⅡdI一umFUrce｛】Sp︳ acemeIl古 HyStereticLUUp TriplePeⅡ du一umFUrce-E)isplacement】 Iy§tereticLUUp

勸 θ∫力9g尨 Pθ“加 ZEr羽 tθar把g匆 a加 rrJ切∫εUJ9SrLrr,r戶 5〃UK,幼佬翔 了∫彬ㄌ“∫,a刀σ 的羽a〞泌 Paㄉ〞力 ra〃

尨vθ你 好 earrJ.σ vθ幼 r,,Ur′UKa〃σ itsp加εε〞θη你.動 r/9θ F,Ep了θPθη〞v↙“羽 n〃 乙εar9,,g,r/,θ r/,rθθpθησ“加 99,

r99εε乃aη心P,9∫  arθ ∫θσπθη〃t↙〞 aε′”a尨σ ‘π 物θ θθr廝σπake 〞Urb刀∫ 乙θεU匆θ ∫〞Ul9gθr.rJ,θ ∫〞a〃

比Ψ加εθ〞eJ9方 乃磨乃.戶θσ“εηqVgrUvησ 〞U′′U刀∫θrθ a乙∫Ur乙θσ ㄋvr9,θ rr,w戶 5tˊU刀 aησ∫乃Urr夕θrbσ 切ηθr

pεηJEπ“r,F.fb〃 r/,ε ∫〞UηgθrD“ ●gη 工θv↙ εarr9,σ”a乃你 ,乙 Ur/9r9,θ 乙θar′29g戶5′bη aηˊ夕θ刀Uσ 切ε′θ鈏 θ,
沒芬切Jr′ηgjη 伈wθr乙θa刀r,gσisP幼εθr,,θ K於 aησㄉ Wεr∫〞“εrErrε t“θ∫乃θaK.FUr物 θ∫〞U,9ga9r五勿x翃〃羽

Uθ祊乙ㄉ Ea刀吻σπa蔋努,乙 Urr,rZ,θ 乙θar′J,g.戶′εr′Uㄔ aησ 加竹昭 Z∫〞扣 e“ 加εrθ勰 C,紹JJrε拋gr/,θ t匆r′r9g

ii∫p加εθ〞εη6〞%θησ“惁ηθσ́ bra∫θvθrθ M城t羽〞J996Vθ�9”θEarrJ,σπa柉,r9,θ P加η祊r,,θ K∫bη∫tr/,θ
FI吻U泛 rtησv↙“〞Ⅲtθar′ηgarθ 匆φ〞

′Ux加θ紹〞 6U%rZ2a′ trfFθ η π”a′θηr&J,g胎 Pθηtv↙vr9,乙θaril9g.

躘】
TriplePendulumBearing

CenterPUsition



Pr:nc:p︳ esUfFr:ctiUnPendu︳ urnTMSe｜ srn｜ c︳ sU︳ at:Un

刀抸 ′θ′oU〞 ↙ 廝θFΥicπU刀 Pθ刀搧 勉羽
砌
tθar。乃g加 u厖εtθσ出η 形 ㄉ σ乃U“9偕 物θ叫 祊鄉 tε勿n/9幼紹 ↙ 滮θ

εU刀εaVθ ∫〞η勿‘θ./r於 加dφcKσθηrt幽 θ羽邵∫↙ 物θs呬 Ur佬σ∫r9.勿ε砌 rθ.勸θ豳 〃〃 Kg括 ∫θJθε勿σ勿,c力UUsoKg

廂θ戶 9t〃U刀 εU咖 ε尨刀6%Kㄉ K〞UπU外 q√ 廝θ“r仍ε砌紹 a竹 羽加力η麼勿 t㏄a外θ妨e㏄ K尨rq√∫〞石物t想∫ qㄏ 劦θ

tθar兩眷 a笏ㄌ羽arjεa′〞 εU加曳撫 w9廝 物θεθK尨rt羽 碄∫ q√ 妨θ∫略ㄗUrㄉσ∫rI.πεrrr′ε.r九e乙θar′ηg6pθ r′U說

vθ r〞oca了 ㄌaσ ε弨刀ε〃艿 豳 羽P㏒  〞矜P加εθ羽θK〞 Cφaε
。
犰  a刀σ 彪外 ㄉKεφ aε’犰  εaKa〃 tθ s〞θε紹σ

jK磁
φθu尨KrJ,.FUr物θ 夕 ′滮 P羽劦 Jar〞

碰 乙θ羿 加&廂 rθθ qㄌcrㄉε〃油竹 aKσ 劦 rεθ戶 5加 Kω 嫋仍 9羽您 a紹

∫θ尨ε尨σㄌφ〞′羽抸θPθ叻 r羽aKε色角r暪c紹Kt∫古r銘g物∫aη〞戶θσaθKε j“ 好car劦σπa方ε∫力a苭rg.9%赤 aˊ伈砪力r
羽aX〞竹勿沕 tθ∫Jgr刃ε方t〃〃Vㄌ aεεUη”竹UJt勿 乙U物 羽UV匕砒 aη〞a〞θ羽θ羽a9U妳,加ε翃 ηgηθa〞力 π了′Pπ你邵 .

PehUd T=2Ⅵ NR/g Stif㏑essK=W厭

PendⅡ IumⅣ tUt:Un

ㄏ

CUncave,S︳ ider′支IIUuSing

fUrSingΠePeⅡ dulumBearIng
SΠid二ngPendlluⅢ M㏑t:Un

SingΠePenduⅡumUpera在 UⅡ

TripΠ ePeIldu一Ⅱm〝 UperatiUIl

2Umi1Ⅱ㏑Ⅱ”s.Vert㏑ alLUadCapaciㄅ
CUⅡcave&SⅡ der

EarthquakePrUtec位UnSysteIIls,Inc.
45lAzuar工 )HVe,Bldg759
MareIs㎞㏕ ,Vall句U,CalifU㏕a舛” 2

TeI: (7U7)644-S993 Γax: (7U7)64冷-$995

Email:eps@earthquakeprUte㎡Un.cUm
Website: -.eartllquakeprUtectiUn.cUm



KawakinCore:了 echCo.Ltd

Perr.rmaΠ ce

┬heHDR-Shas｜ argerdefUrmat:oncapabi｜ ity.
mancetests.

ItS｜ Ung-te「 mserviceabi｜ ityand high︳ y「 e︳ iabi｜ itya「 eVeriFled byvariUusperrUr＿

Earthquake
HDR-SBehaV:or

下heHDR-S︳ san｜dea｜ seiSmiCdev｜cew｜ thitSreStUringperfUrmancebyrubbe「 spr:ng了 h︳ghdampingeffectandh︳ ghdurab︳ ︳︳ty
aswe∥ as itsenv︳ rUnmenta∥ yf「︳end∥ ness.┬hecharacterist︳ csUfHDR-Sbear:n9sa「 eshUwn in thefU∥ Uw︳ ng何 gureS(Tab｜ e-⊥ ,2
and3).

一
HDR-S一 HDR-NR

一 一
一
┘
〡—

一

⊥U          15         2U
Time(sec)

F忌 gure-i. Acc建 :er畾 t:Φ叭
。
fSu絆 erStructure

1U          15         2U
Tlme(sec)

Figur爸一發°Supe『瑵tr唾 CtVre勝 茵$勝舌aξ em建於t

5UU

4UU

3UU

2UU

= 1UU

墨   U

芒-1UU

言
-2UU

-3UU

-4UU

-5UU﹂一
-i2U -8U   -4U    U    4U    8U

HoriZonta｜ disp｛ acement(mm)

ξ憑gure-3.HystereticCurve

K云 》
KawaⅡ ncU阻 .TeChCUI∟ td.

HeadU仟︳ce  :2-2-7了 KaWaguchi′ Kavva9uchi-city了 saitama′ 332-UU15了 JAPAN
te︳ .十 81-48-259-⊥ ⊥⊥9 

「
aX.+81-48-259— 1137

Branch/P!ant:Ibaraki/TUkyU/Usaka/Sendai/「 ukuUka/SappUrU
RepresentativeU仟︳ce:HanU9(Vietnam)

一

4
0
4
8

↑
φ
Φ
ω
È
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