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[bookmark: _Toc145592711][bookmark: _Toc41401502]摘    要
本文主要阐述了高速铁路（60+108+60）m预应力混凝土连续梁桥上部结构设计的计算分析过程，包括前期工作、桥梁设计、结构验算三个部分。本设计为双线铁路桥，计算长度为228m。
设计过程中，首先通过参考桥梁设计资料，结合京沪高速铁路、秦沈客运专线等实际的设计施工经验，对桥梁参数进行了设计。桥梁梁体采用梁高为二次抛物线的箱形变截面，采用悬臂浇筑法施工，分析时考虑自重、二期恒载、ZK活载、支座沉降、温度作用的影响。其次通过混凝土的应力条件估算预应力筋数量，配置预应力筋。接着利用CAD的三维建模功能，建立预应力筋的三维模型，对配置好的预应力筋进行碰撞检查。最后分别利用Midas和Excel的结构分析和数据处理功能，对桥梁进行了施工阶段分析，得到了截面几何特性、预应力损失、次内力、自振频率等数据，进而对梁体的强度、抗裂性、应力、刚度进行验算。
最终桥梁的各项验算结果均满足设计要求，因此认为本文提供的设计方案本在理论上满足设计要求，同时也能够为类似桥梁的设计提供参考和技术支持。

关键词：预应力混凝土连续梁；悬臂浇筑施工；Midas；钢筋碰撞检查；梁体结构验算
北京交通大学毕业设计（论文）                         中文摘要

[bookmark: _Toc145592712][bookmark: _Toc41401503]ABSTRACT
This paper mainly describes the calculation and analysis process of the upper structure design of the high-speed railway (60+108+60) m pre-stressed concrete continuous beam bridge, including the preliminary work, bridge design and structural checking. The design is a double track railway bridge, with a calculated length of 228m.
In the design process, the bridge parameters are designed by referring to the bridge design data and combining the actual design and construction experience of Beijing-Shanghai high-speed railway and Qin-Shen passenger dedicated line. Bridge girder is constructed by cantilever casting method with box-type variable section whose girder height is second parabola. The effects of dead weight, second-stage constant load, ZK live load, bearing settlement and temperature are considered in the analysis. Secondly, the quantity of prestressed reinforcement is estimated by the stress condition of concrete, and prestressed reinforcement is configured. Then, by using the 3D modeling function of CAD, the 3D model of the pre-stressed bar is established and the collision inspection of the pre-stressed bar is carried out. Finally, by using Midas and Excel's structure analysis and data processing functions, the bridge construction phase analysis is carried out, and the data of section geometry characteristics, prestress loss, secondary internal force, natural vibration frequency, etc. are obtained, and then the strength, crack resistance, stress and rigidity of the beam body are checked.
The final results of the bridge check all meet the design requirements, so the design scheme provided in this paper can meet the design requirements in theory, and also provide reference and technical support for the design of similar bridges.

KEYWORDS：Prestressed concrete continuous beam; Cantilever casting; Midas; Reinforcement impact inspection; Check calculation of beam structure
北京交通大学毕业设计（论文）                         英文摘要

[bookmark: _Toc41401504]目    录
摘    要	i
ABSTRACT	ii
目    录	iii
1	引言	1
2	桥梁结构形式比选及设计参数	3
2.1桥梁结构形式比选	3
2.2桥梁总体设计参数	4
2.3箱梁横截面尺寸	5
2.4梁体节段划分	6
2.5有效宽度	7
3	配束前内力计算	10
3.1荷载工况及荷载组合	10
3.1.1荷载工况	10
3.1.2荷载组合	11
3.2计算模型	12
3.3内力计算结果	12
4	预应力钢束估算与布置	14
4.1材料性能	14
4.2钢筋量估算原理	15
4.3钢筋量估算	17
4.4预应力筋布置	20
4.4.1布置原则	20
4.4.2预应力筋布置	20
4.4.3普通钢筋布置	21
4.5钢筋碰撞检查	22
5	净、换算截面几何特性	23
5.1净截面几何特性计算原理	23
5.2净截面几何特性	24
5.3换算截面几何特性计算原理	25
5.4换算截面几何特性	27
6	施工阶段	28
6.1施工工序	28
6.2施工阶段荷载	33
6.3合龙段施工	34
6.4施工注意事项	34
7	预应力损失计算	36
7.1摩擦损失	36
7.2锚具变形损失	37
7.3混凝土弹性收缩损失	39
7.4钢筋应力松弛损失	40
7.5混凝土收缩、徐变损失	40
7.6预应力损失计算	41
8	次内力计算	52
8.1预加力次内力计算	52
8.2混凝土收缩次内力计算	55
8.3混凝土徐变次内力计算	56
8.4温度次内力计算	57
8.4.1均匀温度作用	57
8.4.2温度梯度作用	58
8.5基础沉降次内力计算	60
9	配束后内力计算	63
9.1主力组合	63
9.2主力+附加力组合	64
9.3预加力	66
9.4设计荷载主力组合	66
9.5设计荷载主力+附加力组合	67
10	强度、应力、刚度与抗裂性验算	68
10.1强度验算	68
10.1.1正截面强度验算	68
10.1.2斜截面强度验算	72
10.2抗裂验算	76
10.2.1正截面抗裂验算	76
10.2.2斜截面抗裂验算	79
10.3混凝土应力验算	85
10.3.1施工阶段正应力验算	85
10.3.2运营阶段正应力验算	87
10.3.3运营阶段剪应力验算	90
10.4预应力钢筋应力验算	91
10.4.1施工阶段预应力钢筋应力验算	91
10.4.2运营阶段预应力钢筋应力验算	92
10.5刚度验算	95
10.5.1竖向挠度验算	95
10.5.2梁端转角验算	96
10.5.3自振频率计算	96
11	工程意义与可持续发展	98
11.1高速铁路桥梁工程的社会意义	98
11.2可持续发展理念及要求	99
11.3可持续发展在本设计中的应用	100
12	结论	102
参考文献	103
致    谢	105
附    录	106
北京交通大学毕业设计（论文）                             目录

[bookmark: _Toc145592714][bookmark: _Toc41401505]引言   
21世纪初，以京沪高铁和武广客运专线开工建设为标志，中国开始了大规模的高速铁路建设，最高设计速度达到。到2016年年底，高铁通车里程达22000 km[1]。随着我国高速铁路的大力建设，高速铁路桥梁建设水平也在不断突飞猛进，武汉天兴洲长江大桥、南京大胜关长江大桥等等可谓是世界顶尖的桥梁工程。
由于高速铁路列车运行速度快，因轨道不平顺引起的轮轨动力响应及其对行车安全性、平稳性和乘车舒适性的影响均随行车速度的提高而显著增大，因此要求高速铁路的线路必须具有高平顺性、高稳定性和高可靠性等特点[2]。在桥梁的建设过程中，为了适应国家的快速发展，建设者们希望保证桥梁结构安全和乘客舒适性的基础上，能够使铁路桥梁建设标准化、系列化、工厂化，便于设计，缩短施工工期，因此高速铁路常用跨度桥梁技术[3-4]孕育而生。在众多的高速铁路桥梁中，小、中跨度常采用固定模数的预应力混凝土简支梁桥，大跨度常采用预应力混凝土连续梁桥、预应力混凝土连续刚构桥、拱桥和斜拉桥等。
以高速铁路桥梁工程设计实例为背景的本科生毕业设计，能使学生运用本科四年所学的理论基础和专业知识，结合工程实例，参考国家有关规范、标准、工程设计图集及其他参考资料，独立地完成高速铁路桥梁上部结构的设计。还能让学生学习使用Midas、CAD、Revit、Excel等软件对实际工程进行分析和运用，同时初步掌握桥梁设计的步骤、方法，提高工作效率。并且能培养学生发现问题、分析问题和解决问题的能力为今后的科研或工作打下了坚实的基础。更能使学生理解到桥梁设计者们工作的艰辛，养成良好的工作素养和工作习惯。
本设计严格按照《高速铁路设计规范》（TB 10621-2014）、《铁路桥涵设计规范》（TB 10002-2017）、《铁路桥涵混凝土结构设计规范》（TB 10092.3-2017）以及其他行业规范[5-9]的要求，从以下几个方面进行设计：
1、桥梁结构形式比选，确定桥梁几何尺寸、混凝土等级、钢材型号、施工方法、梁段划分等设计参数；
2、配束前内力计算，绘制剪力、弯矩包络图；
3、预应力筋的估算与布置，预应力筋布置3D呈现与碰撞检查，对配束后的截面几何参数进行计算；
4、施工阶段分析，预应力损失计算，次内力计算，配束后的内力计算；
5、进行施工阶段、运营阶段的截面强度、应力、抗裂性、刚度验算。
本文共有图29幅，表56个，参考文献34篇，附设计图纸23张。撰写过程中，由于作者水平有限，不足和疏漏之处在所难免，请各位专家老师批评指正。
北京交通大学毕业设计（论文）                             正文
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桥梁因跨越对象和跨越长度的不同，进而产生了不同种类的桥梁结构，如拱桥、梁桥、斜拉桥、悬索桥等。不同的桥梁结构因其结构的不同，其受力形式也不同，桥梁的刚度和荷载承受能力也不同，对地基的要求也不同。对于本设计的桥梁跨度，有如下四种常见的桥梁结构形式可供比选。
1、拱桥
拱桥历史悠久，其主要承重结构是具有曲线外形的拱圈，在竖向荷载作用下，拱圈主要承受轴向压力，桥墩或桥台除了支承竖向反力外，还有较大的水平推力，但其自重大，施工工期长，拱底两侧产生推力，对地基要求高，且高速铁路采用无缝线路，列车的一部分纵向力需要分配给桥梁来承担，这样两侧的推力将会更大[10]。由于拱结构主要承受压力，在设计施工中多采用抗压能力较强的砌体材料和钢筋混凝土建造，对于大跨度的拱桥，也采用钢材或钢材加混凝土制造，如钢桁拱、钢管拱。钢桁拱桥由于列车荷载的反复作用容易产生疲劳问题，且由于钢材阻尼小，会产生较大的噪音。而钢管拱桥作为预应力混凝土拱桥的一种，其通过钢管对混凝土的约束，使混凝土处于三向受压状态，承载力较高，但其对施工要求也较高，施工工艺复杂。由于钢管混凝土作为一种新桥型，其无法套用圬工拱桥或钢筋混凝土拱桥的计算方法，且对其动力性能的研究较少，理论研究相对滞后[11-12]。
2、斜拉桥
斜拉桥是梁与塔、斜索组成的组合体系，在竖向荷载作用下，梁以受弯为主，塔以受压为主，斜索则承受拉力。斜拉索中的拉力是由主梁平衡的，因此不需要悬索桥那样的巨大的锚碇，对地基的要求比较宽松。并且其跨度较大，刚度大，能很好地满足高速铁路对桥梁变形的要求。但由于其施工工艺较复杂，造价较高，因此常用于超大跨度的高速铁路桥梁。
3、连续刚构桥
连续刚构桥是将主跨内较柔细的桥墩与梁部固结起来，跨中设铰或挂梁，其桥墩较为纤细，梁部的受力性能与连续梁相同。墩梁固结节省了大型支座的昂贵费用，减少了墩及基础的工程量，适用于大跨、高墩的桥位。
4、连续梁桥
连续梁桥在恒活载作用下，产生的支点负弯矩有卸荷的作用，使内力状态比较均匀合理，因而梁高可以减小，节省材料，且刚度大，整体性好，超载能力大，安全度大，桥面伸缩缝少，竖向变形小，动力性能小，有利于改善行车条件。连续梁桥作为一种古老的结构体系，在50年代前，预应力混凝土连续梁虽是常被采用的一种体系，但跨径均在百米以下。当时主要采用满堂支架法施工，费工费时，限制了它的发展。50年代后，预应力混凝土桥梁应用悬臂施工方法后，建设跨度开始不断增大[13-17]。
由于连续梁的内力状态比较均匀合理，悬臂施工时的受力状态与运营时的受力状态接近，施工工艺成熟，相比于满堂支架施工，悬臂施工能够避免占用桥下大量的土地资源，这样既可以满足桥下通航的要求，对生态环境的破坏也会更少。在我国大跨度高速铁路桥梁中，最常见的结构形式是预应力混凝土连续梁桥，可见预应力混凝土连续梁桥在高速铁路建设中有广泛的实践性和可行性。因此对于本设计，桥梁计算跨度为（60+108+60）m，结合高速铁路常用跨度桥梁技术和京沪高铁、秦沈客专等实际工程经验，认为采用预应力混凝土连续梁桥进行设计是非常合理的。
[bookmark: _Toc41401508]桥梁总体设计参数
本设计为三跨一联的预应力混凝土连续梁桥。考虑到增强动力性能和偏载时抗扭刚度，主梁采用单箱单室箱形截面；为了满足桥梁内力要求和方便钢筋布置，梁高沿桥纵向呈二次抛物线变化；根据高速铁路线间距和路基的要求，参考《通桥（2015）2368A-V-1》的资料[18]，桥面宽度设定为12.6m，桥面不设置人行道检查车通道；为方便桥面排水，桥面设置2%的横坡；支座采用盆式橡胶支座，支座间距为5.2m；为减少噪音污染，桥面设置1.2m高的声屏障。桥梁的总体设计具体参数见表2-1。
表 21 桥梁总体设计参数
	项目
	设计参数

	设计跨度
	（60+108+60）m

	桥面宽度
	12.6m

	线路参数
	线路等级
	350km/h双线高速铁路

	
	轨道
	Ⅱ型板式无砟轨道

	
	线形
	线间距5m、直线、平坡

	桥面横坡
	2%

	截面类型
	单箱单室箱形截面

	支座间距
	5.2m

	箱梁底缘曲线方程
	


[bookmark: _Toc41401509]箱梁横截面尺寸
本设计的横截面尺寸通过参考京沪高铁、秦沈客运专线、国外高速铁路桥梁的工程实例统计资料和《通桥（2015）2368A-V-1》中的横截面尺寸而确定。中跨跨中和边支座处梁高，高跨比；中墩支座处梁高，高跨比。顶板和底板厚度除了需要满足支座和跨中处混凝土的受压要求，还需要满足钢筋的布置要求；箱梁腹板主要承受剪力，剪力在中墩支座处最大，因此中墩支座处的顶板、底板和腹板厚度需要适当加厚。为减少扭转剪应力和畸变应力，方便施工时混凝土的浇筑，在顶板与腹板交接处设置的水平承托，在底板与腹板交接处设置的竖向梗腋。详细的横截面尺寸数据见表2-2和图2-1。
表 22 箱梁横截面尺寸
	项目
	位置
	尺寸
	备注

	梁高
	跨中
	
	梁高沿桥纵向呈二次抛物线变化

	
	
	
	

	
	支座
	
	

	
	
	
	

	顶板厚
	跨中
	
	顶板和底板厚度沿桥纵向呈二次抛物线变化，腹板厚度沿桥纵向呈线性变化

	
	支座
	
	

	底板厚
	跨中
	
	

	
	支座
	
	

	腹板厚
	跨中
	
	

	
	支座
	
	

	横隔板厚度
	中支座
	
	—

	
	边支座、跨中
	
	—

	承托（梗腋）尺寸
	顶板与腹板交接处
	 
	水平承托

	
	底板与腹板交接处
	 
	竖向梗腋


[image: ]
图 21 箱梁横截面尺寸图（mm）
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进行梁体节段划分时考虑以下因素[19]：
1、由于0#块采用托架施工，施工条件好，可进行施工机具和临时物品的堆放，因此0#块长度可划分长一些；
2、考虑到挂篮的承载能力，梁段划分长度不宜过长，且悬臂段的梁体重量均不宜过大；
3、为保证钢筋的弯起和齿板的布置，悬臂段划分长度不宜过短。
梁体节段划分示意图如图2-2所示。
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图 22 施工节段划分示意图
本设计的梁体节段划分如下：0#块长度为14m，现浇段长度为2.5m、2.75m、3m、3.25m、3.5m、4m不等，中跨合龙和边跨合龙2m，边跨现浇5m。桥梁计算长度228m，共分69个施工节段，最大悬臂段重1680.37kN。各悬臂段的几何参数见表2-3。
表 23 各悬臂段几何参数
	节段号
	节段长度
	节段体积
	容重
	节段重量

	1#
	2.50
	61.25
	26
	1592.47

	2#
	2.50
	58.77
	26
	1528.14

	3#
	2.75
	61.97
	26
	1611.34

	4#
	3.00
	64.63
	26
	1680.37

	5#
	3.00
	61.75
	26
	1605.57

	6#
	3.00
	59.11
	26
	1536.89

	7#
	3.25
	61.32
	26
	1594.41

	8#
	3.50
	63.20
	26
	1643.11

	9#
	3.50
	60.57
	26
	1574.80

	10#
	3.50
	58.26
	26
	1514.84

	11#
	3.50
	56.26
	26
	1462.86

	12#
	4.00
	62.24
	26
	1618.17

	13#
	4.00
	60.42
	26
	1570.97

	14#
	4.00
	59.00
	26
	1533.94
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有效宽度是基于箱梁剪滞效应而出现的一种结构计算方法。剪滞效应是指宽翼缘箱形截面梁在弯矩作用下，其上下翼缘的正应力沿宽度方向呈不均匀分布的现象。剪滞效应计算方法有三种：解析法、有限元法和基于折算等效宽度的使用算法。有效宽度算法不能给出剪滞系数，而是将箱梁翼板的宽度折减，此后按平面梁理论进行偏于安全的结构计算。在进行高速铁路桥梁设计时，均按有效宽度算法考虑箱梁的剪滞效应。根据《铁路桥涵混凝土结构设计规范》4.3.3的要求，箱梁有效宽度计算应符合下列规定：
1、箱梁有效宽度可按下列公式计算：


式中：
——箱梁有效宽度；
——板的宽度，；
——箱梁宽跨比，；
——简支梁跨度。
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图 23 宽跨比示意图
2、不同宽跨比简支箱梁有效宽度折减系数可按表2-4选用。
表 24 简支箱梁有效宽度折减系数
	
	有效宽度折减系数

	
	跨中
	四分之一跨
	支点

	0
	1
	1
	1

	0.02
	0.99
	0.99
	0.93

	0.02
	0.98
	0.98
	0.84

	0.1
	0.95
	0.93
	0.7

	0.2
	0.81
	0.77
	0.52

	0.3
	0.65
	0.6
	0.4

	0.4
	0.50
	0.46
	0.32

	0.5
	0.38
	0.36
	0.27


3、连续箱梁各跨的翼缘有效宽度，对于梁端可按边跨径的0.9倍的简支梁进行计算，各中间跨的翼缘有效宽度折减系数可按表2-5选用。
表 25 连续箱梁有效宽度折减系数
	
	有效宽度折减系数

	
	跨中
	四分之一跨
	支点

	0
	1
	1
	1

	0.02
	0.99
	0.94
	0.77

	0.05
	0.96
	0.85
	0.58

	0.1
	0.86
	0.68
	0.41

	0.2
	0.58
	0.42
	0.24

	0.3
	0.38
	0.30
	0.15

	0.4
	0.24
	0.21
	0.12

	0.5
	0.20
	0.16
	0.11


本设计通过Midas中PSC建模助手的相关功能对箱梁有效宽度系数进行计算。在定义桥梁跨度信息和选择相应规范后，即可自动计算出各单元的有效宽度系数，得到考虑有效宽度后的截面抗弯惯性矩及中性轴位置。经过计算，桥梁各梁段的有效宽度系数均接近1，在后续进行手算验证时可不考虑有效宽度的影响。

北京交通大学毕业设计（论文）                             正文
[bookmark: _Toc41401580]


3.1

3.1.1


4

4.1

4.1.1


5

5.1

5.1.1


6结论
本设计共分为前期工作、桥梁设计、结构验算三个部分，下面对各部分的工作成果进行介绍：
1、前期工作部分。通过对高速铁路桥梁建设情况进行了解、进行桥型方案比选、选择合理的施工方法，说明了本设计题目的重要性和可实施性。
2、桥梁设计部分。通过了解以往的桥梁设计施工经验，针对本设计桥梁的跨度和基本桥型，确定了桥梁的主体结构尺寸。在Midas、Excel、CAD等软件的帮助下，对桥梁进行了内力计算并估算和配置了预应力筋和箍筋。
3、结构验算部分。首先通过CAD对预应力筋进行了碰撞检查，检查结果为未发生碰撞。再通过Midas对配筋后梁体的正截面抗弯、斜截面抗剪、正截面抗裂、斜截面抗裂、施工阶段混凝土法向应力、运营阶段混凝土正应力、运营阶段混凝土剪应力、施工阶段预应力筋应力、运营阶段预应力筋应力、竖向挠度、梁端转角，共11项指标进行验算，均满足《高速铁路设计规范》（TB 10621-2014）、《铁路桥涵设计规范》（TB 10002-2017）、《铁路桥涵混凝土结构设计规范》（TB 10092.3-2017）的要求。最后通过抽样的方式，分别选取桥梁中的某一截面，对Midas计算数据进行手算验证。手算结果也均满足规范要求，且手算与电算的计算误差均在3%以内，验证结果为Midas计算结果可靠。
在整个设计过程中，除了上述内容，还进行了桥梁施工阶段分析、截面几何特性计算、次内力分析、钢束预应力损失分析、自振频率计算等工作。这对后续的施工组织设计、桥梁动力学研究提供了方法和数据保障。此外，在对桥梁进行设计时，充分考虑到了桥梁的安全性、实用性、经济性、美观性、环保性和可持续发展性。
综上所述，本设计方案满足设计要求。
北京交通大学毕业设计（论文）                        正文
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附录A 实习报告
正六边形布置的周期性排桩减振模型试验
本科毕业实习报告
一、实习概况
本实习是我在曹艳梅副教授的指导下，跟随罗普俊硕士研究生完成的一组试验。试验名称为正六边形布置的周期性排桩减振模型试验。试验时间为2020年1月5日-11日。试验地点在北京交通大学轨道减振与控制实验室地下二层多功能实验室
该模型试验的目的是研究周期性排桩对振动的衰减作用，证明周期性排桩衰减域存在性，然后再通过计算机的分析来进行验证。
二、试验材料
本试验是在一个长×宽×高=300cm×300cm×120cm的模型试验箱内进行的。试验材料主要包括粉质黏土和钢管桩，如图1和图2所示。粉质黏土单一均质，易夯实，具有较好的振动传递特性，试验中容易捕捉到振动信号。钢管的直径为20cm，钢管壁厚为1cm，钢管长度为100cm。
[image: ] [image: ]
                图1 粉质黏土                         图2 钢管桩
三、试验仪器
1、数据采集仪
本试验使用的数据采集仪型号为INV3060S，如图3所示。该数据采集仪能够对振动、噪声、冲击、应变、压力、电压等各种物理量信号进行采集。
[image: ] [image: ]
                 图3 INV3060S数据采集仪          图4 三向加速度传感器
2、压电式加速度传感器
本设计使用的是压电式三向加速度传感器，如图4所示。压电式加速度传感器具有灵敏度高、频带宽、结构简单、重量轻等有点。
3、力锤
力锤作为激励源，且质量轻、精度高，产生的力信号脉冲时程、频谱特性好。
四、前期工作
1、背景振动测试
在进行试验之前，为了确保试验数据的可靠性，需要测量实验室背景环境产生的振动加速度。若背景振动对试验结果影响较大，则需要进行滤波处理。若背景振动和试验振动相比很小，则可忽略实验室常时微振动对试验结果的影响。
通过在地上一层地面和地下实验室地面分别布置如图5和图6所示的两个传感器，一个监测竖直方向的背景振动，一个监测水平方向的背景振动，对测点连续监测48小时。
[image: ]
         图5 地上一层地面测点                图6 地下实验室地面测点
试验结果发现，在同一时段内，地下实验室背景振动加速度幅值无论是竖直方向还是水平方向，都比地上一层背景振动加速度幅值小很多。因此，在地下实验室进行试验受到的背景振动干扰，比在地上一层进行试验时小很多，证明在地下实验室开展周期性排桩减振模型试验具有背景振动稳定性和低干扰性。可以进行下一步的工作。
2、边界材料比选试验
由于试验箱体空间有限，振动波传播到箱体四壁时部分波动会反射和回弹（边界效应），为减少边界效应对测量结果的影响，试验需要在试验箱内壁布设边界材料以吸收波动能量。吸能材料通常是多孔纤维材料，其构造特征是纤维内部的微小空隙占材料很大部分体积。当振动波传到纤维材料表面时，大部分振动波通过空隙传到材料内部，空隙中空气分子之间会产生粘滞阻力和空气与筋络之间的摩擦作用等，使一部分振动能转换为热能，从而达到减振吸能的效果。基于此原理，采用泡沫板、聚氨酯、珍珠棉和橡胶棉（如图7所示）这四种纤维材料，进行边界材料比选试验。
[image: ]
图7 四种吸能材料（从左到右：泡沫板、聚氨酯、橡胶棉、珍珠棉）
本测试在尺寸为80cm×60cm×40cm的塑料集装箱中进行，在塑料集装箱中填土30cm后夯实土体，边界材料厚度均为2cm，激振点和拾取振点沿40cm边中心线方向布置，激振点设置在土体表面中心点，使用力锤锤击土体表面激发土体振动。拾振点设置在振源和吸能边界材料之间。测量土体表面测点竖直向和水平方向的振动加速度。
最终四种边界材料加速度频谱峰值从小到大为：珍珠棉、橡胶棉、泡沫板、聚氨酯。显然珍珠棉的吸收效果最好，但考虑到试验经费后，我们采用橡胶棉作为本次模型试验的边界吸能材料。
3、土的物理力学参数测定
试验用土是北京地区工程地质常见的粉质黏土，原场土进入试验箱填充前，先进行了初步筛分，保证了土质均一性、稳定性。为了获得准确可靠的土体参数以备下步建模使用，在填土过程中，需要测量填土的物理力学参数，主要测量参数包括土体密度、含水率、土的泊松比和弹性模量。本人仅参与了密度和含水率测量环节
（1）密度测量
土的密度采用环刀法测量，试验主要仪器有环刀和天平，对土体进行十次测量，土密度计算公式为：

式中：为环刀和土体总质量，为环刀的质量，为环刀所围土体的体积。
最终结果为土体密度为1.88g/cm3。
（2）含水率测量
含水率测量采用烘箱烘干法，试验主要仪器为烘箱、铝盒、天平。将五个铝盒编号并测量铝盒质量；取土样50g放入铝盒，再次称量；将称量后的铝盒和土样放入恒温烘箱烘干6-8小时，烘干后取出铝盒，将其置于干燥器内冷却30分钟后，称量。含水率计算公式为：

式中：为铝盒质量，为铝盒和湿土的质量，为铝盒和干土的质量。
最终测得土的含水率为12.6%。


五、试验步骤
1、布置边界材料
经过前期边界材料比选试验后，我们采用橡胶棉作为边界吸收材料。箱体四周铺设2cm厚的橡胶棉，箱体底部铺10cm厚橡胶棉。边界材料布置完成后如图8所示。
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图8 边界材料布置
2、分层填土及布置排桩
试验分五次填土，每次填土20cm后用夯实锤夯实土体。试验过程中为保证钢管桩的稳定，填完第一层土后再插入钢管桩。周期性排桩布置形式为正六边形，如图所示。
针对于周期性排桩的布置方式，我进行了相关文献的查阅，根据学者们对周期性排桩布置方式的大量研究结果，发现周期性排桩对振动的衰减与排桩的填充率有关，随着填充率的增加，减振效果越明显，衰减域频率范围也越宽。可见正六边形布置周期性排桩相比正方形布置更有利于产生更宽的衰减域，这也印证了罗普俊学长为什么选用正六边形布置的原因。但对于其减振机理，还需要通过大学物理实验中了解到的布拉格散射机理进行分析。
3、布置测点
本试验沿试验箱中心线布置一个激振点和四个拾振点（测点）。激振点距离试验箱外表面55cm，一个测点在排桩前，另外三个在排桩后，如图9所示。
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图9 排桩的布置
4、有排桩测试
将力锤和三向加速度传感器连接至数据采集仪并输入相关通道的参数，将力锤快速准确地锤击激振点制造冲击荷载，激发土体振动，测量在有排桩情况下各个测点的振动加速度响应。每次锤击时，使激励峰值在400N附近，重复10次试验。
5、拔桩
有排桩测试结束后，需要将钢管桩拔出。拔桩时，尽量避免扰动无桩区域的土体。拔桩后，对拔桩区域进行土体回填并夯实至原有密度。
6、无排桩测试
该测试相当于是空白对照，在无桩土体表面布置测点，测点的布置和有排桩测试的测点布置完全一致，力锤激振力与有排桩测试要求相同，测试无排桩情况下各个测点的振动加速度响应，重复10组试验。
7、整理仪器，进行数据分析
对有排桩测试和无排桩测试的试验数据进行整理分析，得到周期性排桩对振动的衰减规律。
五、试验收获和体会
基于本次试验，结合我所阅读和了解一些文献，我对试验后续的研究提出了一些想法：在进行排桩布置时，是否能够通过改变钢管自身的截面形状从而起到更好的减振作用？由于实际土体里含有大量石头等杂质，是否可以考虑土体含杂质的情况，对排桩的减振效果进行分析呢？
在为期一周的试验过程中，我花费一天的时间了解了学长研究的课题、试验目的和试验原理；花费五天的时间跟随学长进行了一些前期工作和试验；花费一天的时间协助学长处理数据。通过本次的试验，让我了解到一些具有强大功能的测量仪器并学到了一些基本操作；也让我体会到了学长进行试验的艰辛，从设计试验到完成试验要花费很长的时间；更让我意识到在进行科学研究中，仅仅通过理论研究是不够的，还需要用过试验来不断尝试和验证，最终才能得出令人信服的科学结论。
[bookmark: _GoBack]感谢刘老师给了我跟随研究生进行科学试验的机会，让我了解了很多减振的前沿知识，使我对桥梁抗振领域有了更加浓厚的兴趣。感谢罗普俊学长的悉心指导和关怀，让我对试验仪器和试验流程有所熟悉。本次实习让我受益匪浅，为我今后的学习和科研积累了宝贵的财富。


附录B 外文文献翻译
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译文：
碳纤维复合材料预应力高强混凝土桥梁的试验研究
摘要：纤维增强聚合物（FRP）筋和钢筋（螺纹钢）已经开发了混凝土使用。与传统的钢制构件相比，FRP产品无腐蚀且重量轻。当前的测试计划包括设计，制造和测试两个带有FRP产品的全尺寸高强度混凝土桥梁的预应力和抗剪加固。该版权为Elsevier的科学有限公司所有。
关键词：桥梁；预应力；高强度混凝土；碳纤维增强聚合物；复合材料;玻璃钢;预应力筋;Leadline电缆；C-Bar复合钢筋;钢筋；弯矩；极限强度测试。

1简介
在美国的58.3万座桥梁中，有23.5万为非预应力钢筋混凝土桥梁，10.8万为钢预应力混凝土桥梁[1]。而这种钢-混凝土复合结构的主要问题是钢构件的腐蚀。近年来，已开发出将纤维增强聚合物（FRP）筋和配筋（钢筋）用于混凝土的方法。与钢材相比，FRP具有更好的耐腐蚀性和抗疲劳性。与钢-混凝土结构相比，这些FRP产品提供了钢筋混凝土或预应力混凝土桥梁在腐蚀性环境中的使用寿命大大延长的可能性。
在目前研究中，设计、制造和测试了全尺寸的FRP预应力和增强高强度混凝土桥梁。目前的研究为当前设计方法对FRP预应力和钢筋混凝土桥梁的适用性进行了单点评估。
2设计规范的研究现状
当前钢筋混凝土的设计准则[2]是数十年研究和现场试验的结果。由于它们的复合特性，FRP预应力筋不仅具有与钢材不同的性能，而且具有更复杂的响应方式。尽管进行了大量的研究调查并取得了一些成功的现场应用实例，但目前FRP加固技术和实践仍处于不断发展的状态。下面将对FRP预应力研究工作进行简述。
2.1 设计规范的发展
1996年，美国运输部联邦公路管理局（FHWA）发起了一项为期四年的研究计划，题为“公路桥梁的FRP预应力研究”。该计划旨在推进与产品质量标准和设计规范有关的所有领域的发展。根据该计划，对其他国家的规范制定工作进行了调查[3]。美国混凝土学会（ACI）FRP预应力小组委员会440-I正在努力制定FRP预应力混凝土的设计规范[4]。该委员会发表了一份报告，总结了自1996年以来用于混凝土的所有FRP增强技术的最新发展状况[5]。在日本开发的FRP增强混凝土的临时设计规范已翻译成英文[6]。
2.2 纤维特点
尽管碳[7-14]、玻璃[8,15,16]和Kevlar合成纤维[8,9]均已作为FRP预应力纤维进行了研究，但碳纤维增强聚合物（CFRP）已成为领先的FRP预应力材料。实验表明，在6个月至1年的试验中，CFRP在1年的时间内蠕变损失为0[17]，并且于盐水暴露而导致的强度损失也为0[11,17]。在一项研究中，发现CFRP暴露于碱性环境对6个月后的强度没有影响[11]。在另一项研究中，CFRP暴露于碱性环境中1年，被发现具有“…与普通钢筋相同或更高的抵抗力[17]”。一个CFRP预应力设计的桥梁比例模型在60％极限载荷下进行了700万次循环疲劳测试，对桥梁的应力水平和动态特性的影响可忽略不计[12]。
2.3 筋材强度特征
参考文献中包含了制造商提供的两种领先的CFRP预应力产品的强度数据[18]。通过这些数据，可计算得到Leadline（日本三菱化成生产）的屈服强度与极限强度之比为0.67，CFCC（日本东京制缆厂生产）为0.81。这种差异表明，不同的预应力筋制造商没有使用一致的方法来确定特征强度值。
2.4 夹具和锚固问题
由于FRP预应力筋缺乏预应力钢的延展性，因此我们发现有必要开发新型FRP预应力筋张紧的夹具或锚定设计。FRP预应力筋锚固技术于1993年进行了研究[19]。对于某些特定的FRP预应力产品，已经开发出可重复使用的楔形夹具[14,19]。盆底锚固已被证实可以使用多种有机树脂和水泥质材料作为灌浆泥[16,19,20]。尽管在一个项目中，传统的小半径钢制滚轮被发现会导致预应力筋断裂，但预张拉的CFRP筋已用于悬垂结构中[21]。用大半径的聚合物导向槽将钢辊重新固定。随着新的夹持技术在该领域中的应用，已经提出了面对夹持故障的安全性问题[9]。
2.5 传输长度
对于所选的FRP预应力产品，已经对传递长度进行了仔细的测试[7,13]。尽管特征传输长度与钢不同，但与钢筋相比，没有发现异常现象。由于FRP预应力筋成分和表面变形存在差异，因此必须确定所考虑的特定产品的传输长度。
2.6 热膨胀失配问题
混凝土和钢的热膨胀系数（CTE）相似，混凝土约为10×10-6/℃，钢约为11×10-6/℃。对于环氧基CFRP筋，通常的纵向和横向CTE值分别在70×10-6/℃和30×10-6/℃附近。温度会影响弯曲应力水平，所以人们担心由于钢筋的横向膨胀而引起的混凝土开裂。在一个现场应用中，通过在端部区域添加螺旋FRP增强件来解决梁端裂问题[21]。对于未加预应力的FRP钢筋，热膨胀失配的影响已通过分析[22]和实验[22,23]进行了研究。
2.7 延展性问题
FRP筋在钢的极限载荷下缺乏延展性。因此，与类似的钢预应力设计相比，CFRP预应力梁可以同时提供更大的极限载荷能力和更低的能量吸收。预应力筋大范围地分布在偏心位置上，以实现渐进式破坏[14]。最近的研究已经提高了预测渐进拉伸裂纹过程中CFRP预应力梁挠度的能力，包括荷载循环[24]。

3.预应力桥梁测试程序
对设计，制造出的两根12.19m长的AASHTO2型梁，通过四点弯曲进行了破坏测试。两根梁在预应力筋和抗剪钢筋上具有相同的几何构型，但具有不同的混凝土配方和不同的筋预应力水平。梁1虽然受到设计计算错误和一些预应力筋破坏的影响，但作为有用的测试样品被保留。玻璃纤维钢筋用于梁1的抗剪加固，也用于梁2的抗剪临界区域，其余部分由钢筋抗剪。本节记录了材料属性，梁的设计、制造和测试，包括对测试结果的讨论。
3.1 材料
复合预应力材料是日本三菱化成（MitsubishiKasei）生产的Leadline电缆。Leadline电缆在环氧基质中具有单向碳纤维的特点，将表面的形变以螺旋状嵌入表面。生产商提供的Leadline的性能和特性见表1，其中环氧基质的玻璃化转变温为120℃（248℉）。
俄亥俄州利马的马歇尔工业公司制造了该程序中使用的复合钢筋抗剪箍筋。复合钢筋（称为C-BarTM）是使用连续的混合拉挤或压缩成型工艺制造的。C-Bar由嵌入PET基体中的单向E-玻璃纤维的内芯以及由片状模塑料和嵌入短切纤维毡的氨基甲酸乙酯改性的乙烯基酯的外层组成。表面上的均匀形变会阻止钢筋的纵向移动。根据制造商的说明，测试表明，C-Bar暴露于除冰盐，海水和废水中时，不会被降解。表2提供了从产品文献中获得的C-Bar的机械性能。C-Bar可以使用内半径为51mm的曲线进行制造，其中所有曲线必须沿相同方向（没有反向曲线或S形）。该程序中还使用了#4钢棒（屈服强度为414MPa）作为抗剪箍筋，详情见3.3节所述。
通过两种不同的高强度混凝土配方制造出的两根梁。28天抗压强度圆柱试验显示，第一根梁的抗压强度为86.3MPa，第二根梁的抗压强度为71.1MPa。由俄亥俄州哥伦布市安德森混凝土配制的配合比设计见表3。
3.2 设计和极限强度分析
本节记录了用于获得标称测试梁设计时的预应力值和抗剪钢筋规格以及预测竣工梁的极限强度的过程。在研究期间，我们建造了两根横梁，利用Leadline电缆的标称材料特性并假设混凝土的抗压强度为69.0MPa，设计了第一根梁（梁1）的预应力。如第3.3节所述，在梁1的制造过程中，几个预应力筋断裂。然后使用较低的钢筋束目标预应力值制造第二根梁（梁2）。
标称测试梁设计是根据AASHTO2型梁获得的[25]。AASHTO2型梁的标准横截面如图1所示。AASHTO标准许用应力见表4，根据混凝土的凝结抗压强度和凝结前的抗压强度。虽然表4所示的特征抗拉强度值是为常规强度混凝土（）制定的，但在这里，它们与高强度混凝土一起使用，以获得特征抗拉强度的参考值。AASHTO2型梁截面通常与整体混凝土板结合使用，这有助于改善结构性能。但是该测试的范围有限，无法使用代表性的桥面板。因此，梁的设计仅基于图1所示的横截面。
通过对梁进行了参数研究分析，得出了梁的极限强度受弯曲强度限制，而弯曲强度受预应力筋的强度限制的备选设计。最终的标称设计为12.19m长，施加大小为133kN的活荷载，荷载间隔2.50m（测试配置的特征在于，端部支撑之间的自由跨度为11.79m，如图2所示。）该设计使用了八根预应力筋，其质心距梁底部高102mm（见图1），在中性轴下方300毫米。
测试梁采用垂直排列的剪切箍筋加固。通过C-Bar品牌的玻璃纤维增强聚合物（GFRP）复合箍筋来实现梁1的无钢设计。两根梁都使用相同的箍筋形状和间距。前面所提到的C-Bar的材料形状限制限制了剪切箍筋的设计。如图1所示，复合C形筋以双C形的构造使用。双C形的两个垂直筋抵抗剪切裂缝上的张开力，而两端则使箍筋锚固在混凝土中。剪切箍筋的间距要保持，以至于测试梁将会因弯曲失效而不是剪切失效。图3显示了用于测试梁中箍筋的可变间距。2号梁采用钢筋配箍，但使用C型钢的梁的一半的高剪力区除外（见图3）。
通过开裂荷载和极限强度分析，预测了两种梁截面设计的特征破坏力矩。对于这两种类型的分析，都建立了纯弯曲响应模型。材料应变与中性轴的曲率和与中性轴的垂直距离成正比。对于初始开裂分析，根据表4，假定混凝土模量为27600MPa，混凝土断裂模量为的混凝土采用线弹性特性。对于极限荷载（开裂梁）计算，对混凝土的非线性压缩应力/应变行为进行了建模。得到了[26]高强混凝土的特征应力-应变曲线。该曲线的应力值按比例放大，以达到的实测值。对截面中的轴向应力进行数值积分，计算弯矩和轴向载荷随曲率的变化，并采用迭代法确定零轴向载荷对应的合适中性轴位置。假设混凝土的徐变和收缩损失产生初始钢筋束预应力损失的13%。分析中考虑了预应力荷载传递的弹性响应。由此建立的弯矩-曲率关系用于数值梁分析，以预测四点弯曲试验的极限荷载和截面。对梁的分析基于65.7kN（5.39kN/m）的自重、11.79m的支撑间距和2.50m的荷载点间距。
如第3.3节所述，八根预应力筋中的三根在梁1中的混凝土养护之前断裂。断裂模式使得剩余五根预应力筋的质心位于梁中心线的5mm范围内，因此在假定断裂的钢筋仅表现为未张拉钢筋的情况下，对梁1进行了分析和试验。这一假设是基于钢筋在梁外部失效的事实。顶升张力为每束142kN，或2000MPa（0.77）。梁1的测量值为86.3MPa，断裂模量为5.8MPa。基于这些值，预测初始开裂荷载为240kN，在152mm的中心截面处的预测极限荷载为294kN，受钢筋破坏的限制。
2号梁的特点是每根钢筋具有84.5kN或1220MPa（0.45）的降低顶升张力的钢筋束。重新配制混凝土，测得，计算出的断裂模数为5.2MPa。基于这些值，预测初始开裂活荷载为218kN，在受钢筋束破坏限制的203mm中心截面处预测极限活荷载为418kN。
3.3 制造和测试
这两个试验梁是由俄亥俄州格罗夫市的Tecsan混凝土厂制造的。装配好的钢筋和钢筋束如图4所示。导线楔形夹持器用于夹持CFRP筋的两端。如图5所示，夹持耦合器用于将每个CFRP筋的活端连接到钢索上。较便宜的钢缆跨越了预应力层未使用的部分。
对于梁1，钢筋预张紧至142kN，即标称强度的77%。由于计算错误，该预张力水平比预期更接近标称极限强度；然而，根据三菱公司的说法，楔形夹持器提供100%的钢筋束强度，预计不会发生钢筋束失效。然而，八根钢筋中有三根在混凝土养护前失效，这里考虑了可能的影响因素。首先，在张拉用于完成预加应力层跨度的钢束时，由于钢缆有松开的趋势，在引线中产生显著的倾斜扭曲（每0.6m旋转一圈）。虽然这不一定会降低均匀拉伸的钢筋束的强度，但扭转可能会导致钢筋束离开夹点处的应力集中。其次，在制造过程中使用的处理方法可能会造成或确实造成CFRP预应力筋在使用时的损坏。例如，模板的端板由厚钢板制成，容纳钢筋束的垂直槽的表面非常不规则。端板被压在筋上，明显磨损并损坏至少一根筋。三个钢筋束失效中的第一个发生在已浇筑混凝土的振动过程中，并且可能发生在振动器接触钢筋束时。在梁2的制造过程中，使用了更为小心的搬运。
浇筑完成后，对1号和2号梁进行蒸汽加热过夜，并在混凝土强度超过目标抗压强度69MPa的60%后的第二天切断钢筋束。钢绞线是在预加应力层的中部用火炬切割的。在切割每根缆绳时，使用切割轮在相对的梁端切割相应的复合钢筋束。梁1于1997年8月26日浇筑，梁2于1997年9月30日浇筑。
这两个试验梁在美国航天结构试验中心进行了四点弯曲极限破坏试验。空军研究实验室（AFRL），俄亥俄州莱特帕特森空军基地。测试设置如图6所示，测试后梁2就位。施加的荷载和支撑荷载通过实心钢瓶从试验夹具传递到试验梁，用于在适当的梁站产生横向线荷载。用于在接触位置分配线路荷载的钢支承板。四个液压千斤顶成对使用，在两个加载站施加负载。在每个千斤顶上安装一个测力传感器，以精确测量施加的荷载。一个共同的液压源为所有四个千斤顶提供动力，以确保负载均匀。施加的荷载和支撑反力通过位于试验梁下方的大钢梁传递给试验梁。线性电压位移传感器（LVDTs）与从地板到测试梁底部点的串传感器一起使用。LVDTs位于梁上1/4、1/2和3/4长度的位置。梁1于1998年2月19日测试，梁2于1998年2月24日测试。
3.4 结果与讨论
图7中绘制了两个试验梁的总荷载与中心截面的测量值。由于碳纤维筋在荷载点之间的弯曲区发生拉伸破坏，两根梁都发生了破坏。梁1在距中部1.05m的裂缝处失效，梁2在距中部0.75m的裂缝处失效。两根梁的破坏区域的照片如图8所示。
极限荷载值在图7中用符号“X”标记。梁1和梁2的实测极限活载分别为434kN和554kN。这些值大大超过了梁1和梁2的预测强度值294kN和418kN。原因是引线电缆的实际强度明显大于制造商提供的2600MPa的数值。梁1的实测极限荷载值与极限强度分析方法一起用于计算引线电缆的极限强度，提供了3490MPa的极限强度值。用后一个值重新计算梁2的极限强度值为569kN，该值在梁2测量强度的3%以内。结果表明，引线的极限抗拉强度约为3450MPa，而设计值为2600MPa。
两个试验梁的荷载/挠度曲线接近311kN。在22±133kN范围内，使用线性回归分析计算梁1和梁2的初始（预裂）荷载/位移斜率分别为17.1和16.1kN/mm。两个梁在178kN左右偏离线性响应。2号梁混凝土在约182kN处出现可闻开裂。梁1未记录第一次开裂时的荷载。梁1在222kN时暂停加载，进行检查，梁2在185和222kN时暂停加载，进行检查。
两根梁的总预拉力钢筋束相似，梁1的预加力为712kN，梁2的预加力为676kN。两根梁的裂纹相关弯曲强度损失发生在178kN左右。这均低于梁1和梁2的预测裂缝荷载值209kN和196kN，假设由于混凝土徐变和收缩，钢筋束预张力总损失为13%。对此产生差异的原因可能如下：
1.预应力损失大于假定值；
2.混凝土试件的断裂模量小于AASHTO预测的允许值。
图7中很明显地显示了开裂后强度的最大范围。梁2在极限荷载下表现出超过23cm的中心挠度，其中大部分是在开裂状态下实现的。值得注意的是，虽然CFRP预应力筋表现出脆性拉伸破坏，但使用CFRP的预应力试验梁表现出大截面渐进破坏，这在混凝土结构中是可取的。
随着2号梁极限荷载的接近，以C型钢GFRP抗剪加固为特征的斜裂缝在剪切区开始出现明显的张开位移。从图9可以看出这条裂缝的情况。考虑到GFRP的低弹性模量（41400MPa，而对于钢为207000MPa），在试验过程中观察到的裂纹张开位移在钢加固梁中可能要小得多。然而，梁在该位置并未发生破坏，因此C型钢的低质量似乎并未影响试验梁的设计极限强度。
4.总结和结论
用高强混凝土和新型FRP产品制作了两个用于预应力和加固的全尺寸的AASHTO2型梁。对梁进行了四点弯曲极限破坏试验，提供了材料特性、梁的设计和试验结果的完整文件。重要的经验教训和重要的观察总结如下：
1.美国混凝土协会委员会ACI-440正在积极解决引入将FRP作为混凝土钢筋（含预应力）的主要问题。ACI的FRP预应力小组委员会440-I正在制定FRP预应力混凝土的设计规范。
2.CFRP预应力筋的生产商在确定特征强度值方面存在不一致。两个领先的制造商使用不同的屈服应力与极限应力的比率。根据当前试验结果计算出的LeadlineCFRP筋的极限强度约为3450MPa，比制造商提供的2600MPa高出33%。
3.在预张拉过程中（为了完成预应力层的长度而允许使用标准预张拉设备）将CFRP预应力筋连接到钢索的做法会导致CFRP预应力筋在张拉过程中发生大的扭转变形。这可能会导致应力集中在CFRP预应力筋退出夹具或锚固的地方，使强度降低。
4.采CFRP预应力筋时，必须对制造、搬运和安全程序进行详细说明。与钢缆无关的随意操作可能导致CFRP钢筋束损坏或断裂。
5.在弯曲强度临界梁设计的两个极限荷载试验中，CFRP拉索的性能是可预测的。两根12.19m梁在钢筋束失效前均出现了多处的开裂和大裂缝，荷载水平与基于3450MPa的有效钢筋束强度的分析预测密切相关。在一次四点弯曲试验中，获得了超过230mm（长度/53）的极限中心截面。
6.在低于预测荷载的情况下，梁在荷载作用下发生拉伸开裂。可能的原因有：
（1）预应力损失大于假定值；
（2）高强度混凝土的断裂模量低于AASHTO计算预测的值。
7.试验梁采用GFRP预应力筋制作的抗剪箍筋。在荷载试验期间，当梁发生破坏时，这些箍筋没有发生破坏。与钢相比，GFRP钢筋的低轴向模量（1/5接近于刚体）和较低的抗剪强度以及较低的质量表明，用于钢抗剪钢筋的设计可能需要进行修改才能应用于GFRP产品。
北京交通大学毕业设计（论文）                            附录
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附录C 工程图纸
该部分见纸质版设计图纸或者附件中的“16231254-商聪杰-设计图纸（2010版）.dwg”文件。

附录D 钢筋碰撞检查文件
该部分见附件中的“16231254-商聪杰-钢筋碰撞检查（2010版）.dwg”文件。

附录E  Midas计算文件
程序文件见附件中的“16231254-商聪杰-配束前迈达斯应用程序.mcb”文件和“16231254-商聪杰-配束后迈达斯应用程序.mcb”文件。
文本文件见附件中的“16231254-商聪杰-配束前迈达斯文本文件.mct”文件和“16231254-商聪杰-配束后迈达斯文本文件.mct”文件。
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Experimental study of CFRP-prestressed high-strength concrete
bridge beams
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Abstract

Fiber-reinforced polymer (FRP) tendons and reinforcing bars (rebars) have been developed for use with concrete. FRP products
are non-corrosive and lightweight when compared to traditional stecl members. The current test program involves the design,
fabrication, and testing to failure of two fulkscale high-strength concrete bridge beams with FRP products for prestressing and shear
forcement. © 2000 Elsevier Science Ltd.

Keywords: Bridge beams; Prestressed; High-strength concrete; Carbon-fiber-reinforced-polymers. Composite; FRP; Tendons; Leadline; C-Bar;

Rebar; Bending moment; Ultimate strength tests.

1. Introduction

Of the 583000 bridges in USA, 235000 are non-pre-
stressed steel-reinforced concrete and 108000 are steel-
prestressed concrete [1]. A major problem with this steel/
concrete composite construction is corrosion of the steel
members. Inrecent years, fiber-reinforced polymer (FR P)
tendons and reinforcing bars (rebars) have been devel-
oped for use with concrete. FRPs offer improved corro-
sion and fatigue resistance compared to steel. These FRP
products offer the possibility of reinforced/prestressed
concrete bridges with greatly increased life in corrosive
environments compared to steel/concrete construction.

In the current program, full-scale FRP-prestressed
and reinforced high-strength concrete bridge beams
were designed, fabricated and tested. The current pro-
gram provided a single-point assessment of the appli-
cability of current design methods to FRP-prestressed
and reinforced concrete bridge beams.

2. Current state of design code development effort

Current design guidelines for steel-reinforced concrete
[2Jare the result of decades of rescarch and field experi-
ence. Because of their composite nature, FRP rein-

* Corresponding author.

E-mail address: jsaliba@engr.udayton.edu () E. Saliba).

forcements behave not only differently from steel, but
also with more complicated modes of response. There-
fore FRP reinforcement technology and practices remain
in a developmental state despite numerous research
investigations and some successful field applications.
A brief review of FRP prestressing work is provided.

2.1. Design code development efforts

In 1996, the Federal Highway Administration
(FHWA) of the US Department of Transportation ini-
tiated a four-year rescarch program entitled “FRP
Prestressing for Highway Bridges”. This program is in-
tended to advance all areas related to product standards
and design codes. Under this program, a survey of code
development efforts in other countries was conducted
[3]. The American Concrete Institute (ACI) Subcom-
mittee 440-1 on FRP Prestressing is working to develop
a design code for FRP-prestressed concrete [4]. ACI
Committee 440 on FRP Reinforcement has published a
report summarizing the state of the art of all FRP
reinforcement technology for concrete as of 1996 [3].
A provisional design code for FRP-reinforced concrete
developed in Japan has been translated into English [6].

2.2. Fibe

While carbon [7-14], glass [8,15,16], and Kevlar [8,9]
have all been investigated as fibers for FRP prestressing,

0263-8223/0015 - see front matter © 2000 Elsevier Science Lid. All rights reserved.
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carbon-fiber-reinforced _polymers  (CFRPs)  have
emerged as the leading FRP material for prestressing.
Experiments have shown CFRP (o have 0 creep loss
over a period of I year [17] and to hawe 0 strength loss
due to salt water exposure in experiments ranging from
6 months to | year [11,17]. Exposure of CERP to an
alkaline environment was found in one study to have no
effect on strength after 6 months [11]. Tn another study,
CFRP was exposed to an alkaline environment for |
year, and was found to have ... an equal or greater
resistance than that of regular steel tendon [17]". A
CFRP-prestressed scale-model bridge design was fatigue
tested to 7 million cycles at 6% ultimate load, with
negligible effects on the stress levels and dynamic char-
acteristics of the bridge [12].

2.3, Tendon strength characterization

Manufacturer-supplied strength data for two leading
CFRP prestressing products were included in Ref. [15].
Using these data, ratios of guaranteed-strength o ulti-
mate-strength were computed to be 0.67 for Leadline
(by Mitsubishi Kasi, Japan) and 0.81 for CFCC (by
Tokyo Rope, Japan). This discrepancy suggests that
there is not a consistent methodology in use by different
tendon  manufacturers fo establish ~ characteristic
strength values.

24.

ipping and hold-dovn issues

Because FRP tendon materials lack the ductility of
prestressing steel, it has found been necessary to develop
new gripfanchor designs for FRP (endon tensioning.
FRP tendon anchorage technology was reviewed in 1993
[19]. Reusable wedge-type grips have been developed for
some specific FRP prestressing products [14,19]. Potted-
end anchorage has been demonstrated using a variety of
organic resins and cementitious materials as grout
[16,19,20]. Pretensioned CFRP tendons have been used
in draped configurations, although in one project, con-
ventional small-radius steel rollers were found to cause
splitting of the tendons [21]. The steel rollers were re-
placed with large-radius polymer guide channels as a fix.
The issue of safety in the face of grip failures has been
raised as new gripping technology is being applied in the
field 9]

25,

ansfer lengih

Careful tests of transfer length have been performed
for selected FRP prestressing products [7.13]. No un-
usual behavior was discovered compared to steel ten-
dons, though the characteristic transfer lengths differ
from stecl. Because there s variability in FRP tendon
composition and surface deformations, the transfer

wres 49.(2000) 191-200

length must be determined for the specific product under
consideration.

2.6. Thermal expansion mismatch

The coefficient of thermal expansion (CTE) values for
concrete and steel are similar, approximately 10x 10-5/°C
for concrete and 11x10~4/°C for steel. For an epoxy-
matrix CFRP tendon, typical longitudinal and transverse
CTE values are in the neighborhood 70x 10-%°C and
30x 107/°C, respectively. Temperature will affect bend-
ing stress levels, and concerns about concrete cracking
due to transverse expansion of the reinforcement have
been raised. A concern over beam end splitting was ad-
dressed in one field application by the addition of helical
FRP reinforcements in the end regions [21]. The effects of
thermal expansion mismatch have been studied both
analytically [22] and experimentally [22,23] for the case of
unprestressed FRP rebar.

FRP tendons lack the ductility under extreme loading
exhibited by steel. Thus, a CFRP-prestressed beam may
simultancously provide greater ultimate load capacity
and lower encrgy absorption than a similar steel-pre-
stressed design. Tendons have been distributed over a
large range of eccentricity values to achieve progressive
failure [14]. Recent work has advanced the ability to
predict  the deflections of CFRP-prestressed beams
during progressive {ension cracking, including load
cycling [24].

3. Prestressed bridge beam test program

Two 12.19 m long AASHTO Type 2 beams were
designed, fabricated, and tested to destruction in four-
point bending. The two beams shared the same geo-
metric configuration for prestressing tendons and shear
reinforcement, but featured different concrete formula-
tions and different tendon pretension levels. Beam 1
suffered from a design calculation error and failure of
some prestressing tendons, but was salvaged as a useful
fest_specimen. Fiberglass rebar was used for shear
reinforcement in Beam |, and was also used in a shear-
critical region of Beam 2, the remainder of which
featured steel shear reinforcement. This section docu-
ments the material properties, beam design, beam
fabrication, and beam testing. A discussion of the test
results is included.

3.1. Materials

The composite prestressing material was Leadline
cable, manufactured by the Mitsubishi Kasei of Japan.
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Table 1
Manufacturer-supplied properties of Leadline CFRP cable

Leadline GA-DI0

Characteristic

Matrix materi Epoxy.
Carbon fiber volume 6%

fraction

Cable diameter 10 mm

Nominal cross-section area 718 mm’

Intact cross-section area. 695 mm? 1075 in?
(measured)

Ultimate tensile load 186 kN 41000 1b
Ultimate tensile stress 2600 MPa 377 ki
Longitudinal thermal 0.68x10%°C 038X 10°F
expansion

Longitudinal Young's 214 Msi
modulus

Extension at break
Matrix material

Leadline cable features unidirectional carbon fibers in
an epoxy matrix. Surface deformations are milled into
the surface in a helical pattern. Manufacturer-supplied
properties and characteristics of Leadline are shown
in Table 1. The epoxy matrix has a glass transition
temperature, Ty, of 120°C (248°F).

Marshall Industries of Lima, Ohio, manufactured the
composite rebar shear stirrups used in the program. The
composite rebar, named C-Bar™, is fabricated using a
continuous hybrid ~pultrusion/compression _molding
process. C-Bar consists of an inner core of unidirectional
E-Glass fibers embedded in a PET matrix, and an outer
layer composed of sheet molding compound with
chopped fiber mats embedded in- urethane-modified
vinyl ester. Uniform deformations on the surface inhibit
longitudinal movement of the bar. According to the
manufacturer, tests have shown that C-Bar resists de-

Table 2
Manufacturer-supplied properties of C-Bar GFRP rebar

St

s 49 (2000) 191-200 193

gradation when exposed to deicing salts, seawater, and
wastewater. Table 2 provides the mechanical properties
of C-Bar, obtained from product literature. C-Bar can
be fabricated with curves having a 51 mm inside radius,
where all curves must be in the same dircction (no
reversed curves or S-shapes). #4 bar steel (414 MPa
vield strength) shear stirrups were also used in the pro-
am, as deseribed in Section 3.3.

Two different high-strength concrete formulations
were used to fabricate the two beams. Twenty-cight day
compressive strength cylinder tests showed a compres-
sive strength of 863 MPa for the first beam and
71.1 MPa for the second beam. Mix designs, formulated
by Anderson Conerete of Columbus, Ohio, are provided
in Table 3.

3.2. Design and ultimate strength analy

“This section documents the procedures used to obtain
the prestressing and shear reinforcement specifications
for the nominal test beam design, and to predict the
ultimate strength capacity of the as-built beams. Two
beams were built during the program. Using the nomi-
nal material properties for Leadline cable and assuming
69.0 MPa compressive strength for the concrete, the
prestressing for first beam (Beam 1) was designed.
During fabrication of Beam 1, breakage of several
prestressing tendons occurred, as described in Section
33. The sccond beam (Beam 2) was then fabricated
using a lower target pretension value for the tendons.

The nominal test beam design was obtained according
to AASHTO Type 2 beam specifications [25]. The stan-
dard cross-section of an AASHTO Type 2 beam is shown
in Fig. 1. AASHTO standard allowable stresses are

Characteristic

C-Bar #12 grade B type |

Fiber type E-Glass
Matrix material

Fiber volume fraction

Bar diameter

Nominal cross-sectional area
Design ult. tensile strength

Modulus of elasticity

713 MPa
42 GPa

Recycled PET fiber matrix urethane modified vinylester shell

Table 3
Concrete unit mix design
Mix ingredient Beam | Beam 2
Lone star green castle type 111 (kg) 38 363
Micro silica solids (kg) 86
Fine age. (Martin Marietta, Columbus) (kg) 565
Coarse age. #8 Ls. (Martin Marietta, Columbus) (kg) 676
Super plasticizer sikament 300 (kg) 78
Water (kg) 127
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Fig. 1. AASHTO Type 2 beam cross-section with prestress and stirrup.
designs.

shown in Table 4 in terms of the fully cured compressive
strength of the concrete, £, and the compressive strength
at the time of load transfer, /3. While the characteristic
tensile strength values presented in Table 4 were devel-
oped for conventional strength concrete (f; <41 MPa),
they were used here with higher-strength concrete to
obtain guiding values for characteristic tensile strengths.
The AASHTO Type 2 beam section is typically used in
conjunction with an integral concrete deck that contrib-
utes to the structural performance; however, the limited
scope of this program precluded the use of a represen-
tative bridge deck. The beam design was therefore based
solely on the cross-section shown in Fig. 1.

Abeam analysis was applid in a parametric study to
ve at candidate designs for which the ultimate beam
strength was limited by bending strength, and bending
strength was limited by the tendon strength. The final
nominal design was 12.19 m long with an allowable live

ures 49 (2000) 191-200

load of 133 kN based on a two-point loading spaced at
250 m. (The test configuration featured a 11.79 m free
span between end supports, as shown in Fig. 2) The
design featured cight prestressing tendons with a cent-
roid 102 mm above the bottom of the beam (sce Fig. 1),
giving an eceentricity of 300 mm below the neutral axis.

The test beam was reinforced with vertically aligned
shear stirrups. C-Bar brand glass fiber reinforced poly-
mer (GFRP) composite stirrups were used to achieve a
steel-free design for Beam 1. The same stirrup shape and
spacing were used for both beams. The shear stirrup
design was constrained by the shape limitations of
C-Bar mentioned earlier. Composite C-shaped bars were
used in a double-C configuration, as shown in Fig. 1.
The two vertical tendons of the double-C shape resist
opening forces across shear cracks while the ends keep
the stirrups anchored in the concrete. Shear stirrups
were spaced conservatively so that the test beams would
fail in bending, not in shear. Fig. 3 shows the variable
spacing used for the rebar stirrups in the test beam.
Beam 2 featured steel rebar stirrups except for the high-
shear zone on one half of the beam where C-Bar was
used (sce Fig. 3).

Cracking-load and ultimate-strength analyses were
performed to predict the characteristic failure moments
for the cross-section designs of the two beams. For both
types of analysis, a pure bending response was modeled.
Material strains were set proportional to the curvature
of the neutral axis and the vertical distance from the
neutral axis. For the initial cracking analysis, lincar
elastic properties were used for the concrete with an
assumed modulus of 27600 MPa, and a conerete mod-
ulus of rupture of 0.62y/77 (MPa) per Table 4. For the
ultimate load (cracked-beam) calculation, non-linear
compressive stress/strain behavior of the concrete was
modeled. A characteristic stress-strain curve was ob-
tained for high-strength concrete with f7 = 67.6 MPa
[26]. The stress values from this curve were scaled up to
achieve the as-measured values of /7. Axial stresses in
the cross-section were numerically integrated to com-
pute bending moment and axial load as a function of
curvature, and an iterative scheme was used to deter-
mine the proper neutral axis location corresponding to
zero axial load. Concrete creep and shrinkage losses

Table 4
AASHTO standard allowable conerete stresses

Condition “Tension (T) or compression (C) Stress formula Nominal test beam
MPa ps MPa psi

AU prestress transter c 0607, 0607, 248 3600

T 0257 T 16 230

After losses at service load €. 007, 007, 276 4000

T 0507 N4 41 0

Modulus of rupture T 0627 157 52 750
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Fig. 2. Beam side-view and loading configuration.
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Dimensions in mm,

g every 305
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Fig. 3. Spacing or rebar stirrups.

were assumed to produce a 13% loss of the initial tendon
prestress. The clastic response to pretension load
transfer was included in the analyses. The moment-
curvature relations thus constructed were used in nu-
merical beam analyses to predict ultimate loads and
deflections for four-point bend tests. The beam analysis
was based on a dead-weight of 65.7 kN (5.39 kNfm), a
support spacing of 11.79 m, and a load-point spacing of
2.50 m.

As discussed in Section 3.3, three of the eight pres-
tressing tendons broke before the concrete cured in
Beam 1. The pattern of breakage was such that the
centroid of the five remaining prestressed tendons was
within 5 mm of the beam centerline, so Beam 1 was
analyzed and tested with the assumption that the broken

tendons behaved simply as unpretensioned tendons.
This assumption was justified by the fact that the ten-
dons failed outside of the beam. The jacking tension was
142 KN per tendon, or 2000 MPa (0.77 /). The mea
sured value of /7 was 86.3 MPa for Beam 1, providing
the modulus of rupture of 5.8 MPa. Based on these
values, an initial cracking load of 240 kN was predicted,
and an ultimate load of 294 kN was predicted at a center
deflection of 152 mm., limited by failure of the tendons.

Beam 2 featured tendons with a reduced jacking
tension of 84.5 kN per tendon, or 1220 MPa (0.45 /).
The concrete was reformulated, resulting on a measured
value of f/=71.1 MPa and a computed modulus of
rupture of 5.2 MPa. Based on these values, an initial
cracking live load of 218 kN was predicted, and an
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ultimate live load of 418 kN was predicted at a center
deflection of 203 mm, limited by failure of the tendons.

3.3, Fabrication and testing

The two test beams were fabricated by Tecspan
Concrete Structures of Grove City, Ohio. The assembled
reinforcements and tendons are shown in Fig. 4. Lead-
line wedge grips were used to grip the CERP tendons at
both ends. Grip couplers were used to link the live end
of each CERP tendon toa steel cable, as shown in Fig. 5.
The less expensive stcel cable spanned the unused por-
tion of the prestressing bed.

For Beam 1, tendons were pretensioned to 142 kN, or
77% of the nominal strength. Due to a calculation error,
this pretension level was closer to the nominal ultimate
strength than intended; nonetheless, based on Mitsubi-
shi's claim that the wedge grips provide 100% of the
tendon strength, tendon failure would not be expected.
However, three of the cight tendons failed before curing
of the concrete, and possible contributing factors are
considered here. Firsi, upon tensioning of the steel
tendons used to complete the span of the prestressing
bed, there was a significant twist induced in the Leadline
(one turn every 0.6 m) due to the tendency of the steel
cables to untwist. While this would not necessarily re-
duce the strength of a uniformly stretched tendon, the
twist could be expected to cause stress concentrations
where the tendons exit the grips. Sccond, there were
handling practices used during fabrication that could
have caused, or did cause, damage when used with
CFRP tendons. For example, the end plates for the
forms were made of thick steel, and the vertical slots

Fig. 5. Grip couplers joining steel cable to Leadline.

that accommodate the tendons had very irregular sur-
faces. The end plates were driven down over the ten-
dons, visibly abrading and damaging at least one
tendon. The first of the three tendon failures occurred
during vibration of the poured concrete, and may have
oceurred when the vibrator contacted the  tendon.
Greater care in handling was used during fabrication of
Beam 2.

Both Beams 1 and 2 were steam-heated overnight
following pouring, and tendons were cut the following
days after the concrete strength had surpassed 60% of
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Fig. 6. Test setup showing failed Beam 2 following testing.

the target compressive strength of 69 MPa. The steel
strands were cut at the mid-length of the prestressing
bed using a torch, As cach cable was cut, the corre-
sponding composite tendon was cut at the opposite
beam end using a cutting wheel. Beam 1 was poured on
26 August 1997. Beam 2 was poured on 30 September
1997.

The two test beams were tested to ultimate failure in
four-point_bending at the Acrospace Structures Test
Facility of the US. Air Force Rescarch Laboratory
(AFRL), Wright Patterson Air Force Base, OH. The
test setup is shown in Fig. 6 with Beam 2 in place fol-
lowing testing. The applied loads and support loads were
transmitted from the test fixtures to the test beam
through solid steel cylinders, used to create transverse
line loads at the appropriate beam stations. Steel bearing
plates served to distribute the line loads at the contact
locations. Four hydraulic jacks were used in two pairs to
apply the load at the two load stations. A load cell was
mounted in-line with cach jack to accurately measure the
applied load. A common  hydraulic pressure source
powered all four jacks to assure niform loading. The
applied loads and support reactions were transmitted to
the test beam through a massive steel beam located under
the test beam. Linear voltage displacement transducers
(LVDTS) were used with string sensors running from the
floor to points on the bottom of the test beam. LVDTs
werelocated at the 1/4, 112 and 3/4 length positions on the
beam. Beam | was tested on 19 February 1998, and Beam
2 was tested on 24 February 1998,

3.4. Results and discussion

The measurements of total load versus center deflec-
tion are plotted for both test beams in Fig. 7. Both
beams failed due to tension failure of the CFRP tendons
in the bending zone between the load points. Beam |

Uetors o0

——

- B

Contrdptacoment em)

Fig. 7. Live load and center displacement test results for Beams 1 and
2 compared with predicted strength values.

failed at a crack 105 m from the mid-length, and Beam
2 failed at a crack 0.75 m from the mid-length. Photo-
graphs of the failure regions for the two beams are
shown in Fig. 8.

‘The ultimate load values are marked with the symbol
X" in Fig 7. The measured ultimate live load values
were 434 and 554 kN for Beams 1 and 2, respectively.
These values were greatly in excess of the predicted
strength values of 294 and 418 kN for Beams 1 and 2,
respectively. The explanation offered is that the actual
strength of the Leadline cable is significantly greater
than the manufacturer-supplied value of 2600 MPa. The
measured ultimate load value for Beam 1 was used with
the ultimate-strength analysis method to calculate the
effective strength of the Leadline cable, providing an
effective strength value of 3490 MPa. This latter value
was used to recalculate the ultimate strength value of
Beam 2 to be 569 kN, which is within 3% of the mea
sured strength of Beam 2. It is concluded that the
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a) Beam |

b) Beam 2

Fig. 8. Bending failure locations.

effective ultimate tensile strength of Leadline is ap-
proximately 3450 MPa, rather than the quoted value of
2600 MPa.

The load/deflection curves for the two test beams
agree closely up to about 311 kN. The initial (pre-
cracking) load/deflection slopes were caleulated using
linear regression analyses to be 17.1and 16.1 kN/mm for
Beams | and 2, respectively, in the range 22-133 kN.
Both beams deviated from a linear response at about
178 kN. Audible cracking of the concrete in Beam 2 was
noted at about of 182 kN. The load at first cracking was
not noted for Beam 1. Loading of Beam 1 was paused at
222 kN for inspection, and loading of Beam 2 was
paused at 185 and 222 kN for inspection.

The total tendon preload force was similar for the
two beams, 712 kN for Beam 1 and 676 kN for Beam 2.
The crack-associated loss of bending stifiness occurred
at about 178 KN for both beams. This is lower than
predicted crack-load values of 209 kN for Beam 1 and
196 kN for Beam 2, computed assuming a 13% total loss
of tendon pretension due to creep and shrinkage of the

concrete. Possible explanations for this discrepancy

include the following:

1. the prestress losses were greater than the assumed
values;

2. the rupture moduli of the concrete formulations were
less than the values predicted by the AASHTO allow-
able value of 0.62,/77 (MPa).

An extensive regime of post-cracking strength is evi-
dent in Fig. 7. Beam 2 exhibited over 23 cm of center
deflection at ultimate load, most of which was achieved
in the cracked regime. It is noteworthy that while the
CFRP tendon material exhibits a brittle tensile failure,
the prestressed test beams that use the CFRP exhibited
large-deflection, progressive failure that is desirable in
concrete structures.

As the ultimate load of Beam 2 was approached, a
diagonal crack began to show a noticeable opening
displacement in the shear region which featured C-Bar
GFRP shear reinforcement. This crack can be discerned
in the Fig. 9. In view of the low elastic modulus of the
GFRP (41400 versus 207000 MPa for steel), the crack-

Fig. 9. Diagonal crack opening in shear zone of Beam 2 during loading.
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opening displacement observed during testing would
likely have been much less in a steel-reinforced beam.
The beam did not fail at this location, however, so the
low stiffaess of the C-Bar appears not to have affected
the ultimate strength of the test beam design.

4. Summary and condlusions

Two full-sized AASHTO Type 2 beams were fabri-
cated using high-strength concrete and emerging FRP
products for prestressing and reinforcement. The beams
were tested to ultimate failure in four-point bending.
Full documentation of material properties, beam design,
and test results is provided. Significant lessons learned
and important observations are summarized in the fol-
lowing point
1. The American Concrete Institute committee ACI-440

is actively addressing major issues surrounding the in-

troduction of FRPs as concrete reinforcement includ-
ing prestressing. ACI Subcommittee 440-1 on FRP

Prestressing is developing a design code for FRP-pre-

stressed concrete.

2. There are inconsistencies between commercial pro-
ducers of CFRP tendons in the way characteristic
strength values are established. Two leading manu-
facturers use different ratios of allowable stress to ul-
timate stress. The ultimate strength of the Leadline
CFRP tendons computed from current test results
is approximately 3450 MPa, 33% greater than the
manufacturer quoted value of 2600 MPa.

3. The practice of linking CFRP tendons to steel cables
during pretensioning (done to complete the length of
prestressing beds and/or 1o allow the use of standard
pretensioning equipment) can induce large twisting
deformation in the CFRP tendon as the steel cable
untwists during tensioning. This may cause
strength-reducing stress concentrations where the
CFRP tendon exits the grip/anchor.

4. Fabrication handling and safety procedures must be
scrutinized as CFRP prestressing tendons are adopt-
ed. Casual handling practices that are inconsequen-
tial with steel cables can cause damage or breakage
of CFRP tendons.

5. In two ultimate load tests of bending-strength-critical
beam designs, the CFRP cable behaved predictably.
Both of the 12.19 m beams exhibited extensive crack-
ing and large deflections before failure of the tendons
occurred at load levels that correlate well with analyt-
ical predictions based on 3450 MPa effective tendon
strength. An ultimate center deflection of over
230 mm (length/53) was obtained in one four-point
bending test.

6. Tension cracking of the beams during loading
occurred at a lower than predicted load. Possible
explanations include the following:

wres 49 (2000) 191-200 199

(i) prestress losses were greater that the assumed
values;

(i) the modulus of rupture of the high-strength
concrete was lower than the value predicted by
AASHTO equations.

7. Shear stirrups made of GFRP rebar were used in the
test beams. No failure of these stirrups occurred dur-
ing load testing or upon failure of the beams. The low
axial modulus of GFRP rebar compared to steel (1/5
as stif) and the lower shear strength and stiffnss sug-
gest that design relationships used for steel shear rein-
forcement may need revision for application to
GFRP products.
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