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Background: Structural concrete

Aim: Extend CDPM2 to strain rate dependence



Outline

Ref: Grassl et al. (2013)

• Overview of CDPM2

• Extension to strain rate dependence

• Comparison with experiments
Plain concrete compact tension test

Reinforced concrete slab subjected to blast

Ozbolt et al. (2013)

Thiagarajan and Johnson (2014)



Overview of CDPM2



Model for concrete: CDPM2

Ref: Grassl et al. (2013)
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Model for concrete: CDPM2
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Model for concrete: CDPM2
Yield surface 

Ref: Menétrey and Willam (1995), Grassl et al. (2013)

p < 1
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Damage part
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Model for concrete: CDPM2
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Ref: Grassl et al. (2013)

Damage variables:
!t (dt,dt1,dt2)
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Schematic tensile response

Ref: Grassl et al. (2013)

plasticity

damage-plasticity



Constitutive response for tension
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Constitutive response for compression
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Extension to strain rate dependence



Schematic tensile response

plasticity

damage-plasticity



Extension to strain rate dependence

Delay onset of damage:

"̃(�̄)
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(Stays the same) 
Speed up damage evolution: 
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Strain rate factors
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Stress versus crack opening
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Plain concrete compact tension test
Comparison with experiments



Compact tension test

Ref: Ozbolt et al. (2013)

Setup Input

Loading rates

v = 0.01, 0.5,
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1.4 and 4.3 m/s
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Reaction

Load

fc = 53 MPa
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Exp:

CEB: E = 37 GPa
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ft = 3.8 MPa
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Gt = 149 J/m2
<latexit sha1_base64="a6pXMjqqYR1quDUv1HS7t6/EwEI="></latexit><latexit sha1_base64="a6pXMjqqYR1quDUv1HS7t6/EwEI="></latexit><latexit sha1_base64="a6pXMjqqYR1quDUv1HS7t6/EwEI="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="ycNOYwNcPuvGwhBx3KJ+TxwlxdA="></latexit><latexit sha1_base64="ycNOYwNcPuvGwhBx3KJ+TxwlxdA="></latexit><latexit sha1_base64="AVci6DQTenPj48W5OV7Ev4UtIZQ="></latexit><latexit sha1_base64="a6pXMjqqYR1quDUv1HS7t6/EwEI="></latexit><latexit sha1_base64="a6pXMjqqYR1quDUv1HS7t6/EwEI="></latexit><latexit sha1_base64="a6pXMjqqYR1quDUv1HS7t6/EwEI="></latexit><latexit sha1_base64="a6pXMjqqYR1quDUv1HS7t6/EwEI="></latexit><latexit sha1_base64="a6pXMjqqYR1quDUv1HS7t6/EwEI="></latexit><latexit sha1_base64="a6pXMjqqYR1quDUv1HS7t6/EwEI="></latexit>



Crack patterns (fine mesh)
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v = 0.01 m/s
<latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="WA5jhXjR1BpMnIpPUX5homGeX80="></latexit><latexit sha1_base64="WA5jhXjR1BpMnIpPUX5homGeX80="></latexit><latexit sha1_base64="1+Cjdocn+MHYX3bLvR4k1zchq0E="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit>

v = 0.5 m/s
<latexit sha1_base64="fgp+kikpMR1EWzRZnoX8y1CZIlY="></latexit><latexit sha1_base64="fgp+kikpMR1EWzRZnoX8y1CZIlY="></latexit><latexit sha1_base64="fgp+kikpMR1EWzRZnoX8y1CZIlY="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="Vc230f8eTlkzBEDfyoHNBGEbJJQ="></latexit><latexit sha1_base64="Vc230f8eTlkzBEDfyoHNBGEbJJQ="></latexit><latexit sha1_base64="YlTrhg2N0t8WFMoNWmHMKKaGstY="></latexit><latexit sha1_base64="fgp+kikpMR1EWzRZnoX8y1CZIlY="></latexit><latexit sha1_base64="fgp+kikpMR1EWzRZnoX8y1CZIlY="></latexit><latexit sha1_base64="fgp+kikpMR1EWzRZnoX8y1CZIlY="></latexit><latexit sha1_base64="fgp+kikpMR1EWzRZnoX8y1CZIlY="></latexit><latexit sha1_base64="fgp+kikpMR1EWzRZnoX8y1CZIlY="></latexit><latexit sha1_base64="fgp+kikpMR1EWzRZnoX8y1CZIlY="></latexit>

v = 1.4 m/s
<latexit sha1_base64="dgck2o6G/agUbg5721OX6oyYAZU="></latexit><latexit sha1_base64="dgck2o6G/agUbg5721OX6oyYAZU="></latexit><latexit sha1_base64="dgck2o6G/agUbg5721OX6oyYAZU="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="XLoV7mylvDHTJp96Et5HPU/8w54="></latexit><latexit sha1_base64="XLoV7mylvDHTJp96Et5HPU/8w54="></latexit><latexit sha1_base64="8nq7H9MQR5rwQveQWITAG3aiyGU="></latexit><latexit sha1_base64="dgck2o6G/agUbg5721OX6oyYAZU="></latexit><latexit sha1_base64="dgck2o6G/agUbg5721OX6oyYAZU="></latexit><latexit sha1_base64="dgck2o6G/agUbg5721OX6oyYAZU="></latexit><latexit sha1_base64="dgck2o6G/agUbg5721OX6oyYAZU="></latexit><latexit sha1_base64="dgck2o6G/agUbg5721OX6oyYAZU="></latexit><latexit sha1_base64="dgck2o6G/agUbg5721OX6oyYAZU="></latexit>

v = 4.3 m/s
<latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="fIdF2Yt1C0oX8haHmtek+Cu3//g="></latexit><latexit sha1_base64="fIdF2Yt1C0oX8haHmtek+Cu3//g="></latexit><latexit sha1_base64="TXLHs38XBKWV78tsAPpkvhQsdN0="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit>

wc > 0.1 mm
<latexit sha1_base64="D/3Fvv6QU7cC5fmshsqoi+065Hc="></latexit><latexit sha1_base64="D/3Fvv6QU7cC5fmshsqoi+065Hc="></latexit><latexit sha1_base64="D/3Fvv6QU7cC5fmshsqoi+065Hc="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="pQS4VVXt0LYa/SVdEu+OigqEGbk="></latexit><latexit sha1_base64="pQS4VVXt0LYa/SVdEu+OigqEGbk="></latexit><latexit sha1_base64="xUjJJgyRkeHvYXdKgF9xpKPmfsw="></latexit><latexit sha1_base64="D/3Fvv6QU7cC5fmshsqoi+065Hc="></latexit><latexit sha1_base64="D/3Fvv6QU7cC5fmshsqoi+065Hc="></latexit><latexit sha1_base64="D/3Fvv6QU7cC5fmshsqoi+065Hc="></latexit><latexit sha1_base64="D/3Fvv6QU7cC5fmshsqoi+065Hc="></latexit><latexit sha1_base64="D/3Fvv6QU7cC5fmshsqoi+065Hc="></latexit><latexit sha1_base64="D/3Fvv6QU7cC5fmshsqoi+065Hc="></latexit>

Exp

Ref: Ozbolt et al. (2013), Pereira et al. (2017)



reaction versus time v = 0.01 m/s
<latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="WA5jhXjR1BpMnIpPUX5homGeX80="></latexit><latexit sha1_base64="WA5jhXjR1BpMnIpPUX5homGeX80="></latexit><latexit sha1_base64="1+Cjdocn+MHYX3bLvR4k1zchq0E="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit><latexit sha1_base64="NmpNkZBN4MnowfbCuWU6qWzQqUo="></latexit>
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v = 4.3 m/s
<latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="fIdF2Yt1C0oX8haHmtek+Cu3//g="></latexit><latexit sha1_base64="fIdF2Yt1C0oX8haHmtek+Cu3//g="></latexit><latexit sha1_base64="TXLHs38XBKWV78tsAPpkvhQsdN0="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit><latexit sha1_base64="5IZCfpGSh6VqZ3vI/3cZ0VWab9Q="></latexit>

Ref: Ozbolt et al. (2013)



Reinforced slab subjected to blast

concrete

support

uniform pressure

Setup: Input:

Ref: Thiagarajan and Johnson (2014), Schwer (2014), Ekstrom (2016)

fc = 34.5 MPa
<latexit sha1_base64="o9cWIqPfJM6D0r6iHPMe0jnXSSo="></latexit><latexit sha1_base64="o9cWIqPfJM6D0r6iHPMe0jnXSSo="></latexit><latexit sha1_base64="o9cWIqPfJM6D0r6iHPMe0jnXSSo="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="VRGTT/RSwVGkycn4GARjiwMH/JY="></latexit><latexit sha1_base64="VRGTT/RSwVGkycn4GARjiwMH/JY="></latexit><latexit sha1_base64="ayBdDj5yNSOVQauumeENUAanvj8="></latexit><latexit sha1_base64="o9cWIqPfJM6D0r6iHPMe0jnXSSo="></latexit><latexit sha1_base64="o9cWIqPfJM6D0r6iHPMe0jnXSSo="></latexit><latexit sha1_base64="o9cWIqPfJM6D0r6iHPMe0jnXSSo="></latexit><latexit sha1_base64="o9cWIqPfJM6D0r6iHPMe0jnXSSo="></latexit><latexit sha1_base64="o9cWIqPfJM6D0r6iHPMe0jnXSSo="></latexit><latexit sha1_base64="o9cWIqPfJM6D0r6iHPMe0jnXSSo="></latexit>

Exp:
E = 32.5 MPa

<latexit sha1_base64="KKCaq9XvC18tUaDJXyPZjszHNNc="></latexit><latexit sha1_base64="KKCaq9XvC18tUaDJXyPZjszHNNc="></latexit><latexit sha1_base64="KKCaq9XvC18tUaDJXyPZjszHNNc="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="IkSZUHEp6fHO0k5VwcyrfT/B7qQ="></latexit><latexit sha1_base64="IkSZUHEp6fHO0k5VwcyrfT/B7qQ="></latexit><latexit sha1_base64="io6H1L3vJIhAVWxUCKyzcWRevsI="></latexit><latexit sha1_base64="KKCaq9XvC18tUaDJXyPZjszHNNc="></latexit><latexit sha1_base64="KKCaq9XvC18tUaDJXyPZjszHNNc="></latexit><latexit sha1_base64="KKCaq9XvC18tUaDJXyPZjszHNNc="></latexit><latexit sha1_base64="KKCaq9XvC18tUaDJXyPZjszHNNc="></latexit><latexit sha1_base64="KKCaq9XvC18tUaDJXyPZjszHNNc="></latexit><latexit sha1_base64="KKCaq9XvC18tUaDJXyPZjszHNNc="></latexit>

ft = 2.7 MPa
<latexit sha1_base64="zXyKziizOXzHba064Upjl5f7uuE="></latexit><latexit sha1_base64="zXyKziizOXzHba064Upjl5f7uuE="></latexit><latexit sha1_base64="zXyKziizOXzHba064Upjl5f7uuE="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="5l9WijbrRzrjYbStQXkt7CjxVPs="></latexit><latexit sha1_base64="5l9WijbrRzrjYbStQXkt7CjxVPs="></latexit><latexit sha1_base64="eBSOqzubRwsiSZJJY6WVtZKKk2I="></latexit><latexit sha1_base64="zXyKziizOXzHba064Upjl5f7uuE="></latexit><latexit sha1_base64="zXyKziizOXzHba064Upjl5f7uuE="></latexit><latexit sha1_base64="zXyKziizOXzHba064Upjl5f7uuE="></latexit><latexit sha1_base64="zXyKziizOXzHba064Upjl5f7uuE="></latexit><latexit sha1_base64="zXyKziizOXzHba064Upjl5f7uuE="></latexit><latexit sha1_base64="zXyKziizOXzHba064Upjl5f7uuE="></latexit>

Gf = 138 J/m2
<latexit sha1_base64="m9FXc+hrdvOvdNPdVOClDJhzjbM="></latexit><latexit sha1_base64="m9FXc+hrdvOvdNPdVOClDJhzjbM="></latexit><latexit sha1_base64="m9FXc+hrdvOvdNPdVOClDJhzjbM="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="GakveoYeOZiccTtYdVPZDVYRLcc="></latexit><latexit sha1_base64="GakveoYeOZiccTtYdVPZDVYRLcc="></latexit><latexit sha1_base64="GgYq6/PHH5eMil2SGKBJiglIhQY="></latexit><latexit sha1_base64="m9FXc+hrdvOvdNPdVOClDJhzjbM="></latexit><latexit sha1_base64="m9FXc+hrdvOvdNPdVOClDJhzjbM="></latexit><latexit sha1_base64="m9FXc+hrdvOvdNPdVOClDJhzjbM="></latexit><latexit sha1_base64="m9FXc+hrdvOvdNPdVOClDJhzjbM="></latexit><latexit sha1_base64="m9FXc+hrdvOvdNPdVOClDJhzjbM="></latexit><latexit sha1_base64="m9FXc+hrdvOvdNPdVOClDJhzjbM="></latexit>
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Crack patterns (medium mesh)

wc > 0.5 mm
<latexit sha1_base64="yd2xlzblQqC253y69r1m17fb6pE="></latexit><latexit sha1_base64="yd2xlzblQqC253y69r1m17fb6pE="></latexit><latexit sha1_base64="yd2xlzblQqC253y69r1m17fb6pE="></latexit><latexit sha1_base64="0VHM0GQ53FtEAlWxFffS6GIbv1c="></latexit><latexit sha1_base64="pHp2WarH7699nEmYpscwN+/v0do="></latexit><latexit sha1_base64="pHp2WarH7699nEmYpscwN+/v0do="></latexit><latexit sha1_base64="zM5+CixWeW/eDGtVyIP4+P3ir/Y="></latexit><latexit sha1_base64="yd2xlzblQqC253y69r1m17fb6pE="></latexit><latexit sha1_base64="yd2xlzblQqC253y69r1m17fb6pE="></latexit><latexit sha1_base64="yd2xlzblQqC253y69r1m17fb6pE="></latexit><latexit sha1_base64="yd2xlzblQqC253y69r1m17fb6pE="></latexit><latexit sha1_base64="yd2xlzblQqC253y69r1m17fb6pE="></latexit><latexit sha1_base64="yd2xlzblQqC253y69r1m17fb6pE="></latexit>

Shear failure
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Ref: Thiagarajan and Johnson (2014)



Conclusions
Extension of CDPM2 to strain rate dependence (rate 
dependent strength and constant fracture energy):

• Good representation of crack patterns for compact 
tension test

• Reaction versus time response for compact 
tension test mesh insensitive

• Initial inelastic response of slab well represented

• Shear capacity of slab underpredicted by model


