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Abstract


To assess the blast performance of concrete structures, a shock tube has been used to simulate blast loading
 against concrete slabs of two different mixes ordered as C45/55 and C20/25. The C45/55 slabs were tested without
 reinforcement, whereas the C20/25 slabs were tested both with and without reinforcement to investigate the effect of
 adding steel bars on the structural response. The performance of the shock tube itself was also evaluated. Compression
 tests on cubes and cylinders of both concrete recipes were performed to obtain material input data for numerical
 simulations. Numerous compression tests were also conducted using the C20/25 mix to obtain insights into the
 statistical variation in the material properties as concrete is inherently heterogeneous at the macroscopic level. In
 addition, tensile splitting tests were conducted on both materials. The shock tube tests show that the boundary
 conditions are important and that the reinforcement will direct the crack pattern. Fluid-structure interaction (FSI)
 effects are not dominant for this particular problem, because the concrete slabs suffer relatively small deformations
 before through-thickness cracks appear. Once cracks extend through the thickness, FSI effects may become influential,
 but it appears that when this occurs there is little or no residual capacity left in the slabs. Numerical simulations were
 used to investigate the influence of various parameters, revealing that the results are highly dependent on the boundary
 conditions and particularly on the tensile strength of the concrete. It was found necessary to model the entire clamping
 assembly to recreate the experimental observations.


Keywords: Shock tube, blast loading, concrete slabs, digital image correlation, numerical simulations


1. Introduction


Concrete is one of the most widely used construction materials, and due to its versatility in shape and form, relatively
 low price, structural properties and abundance, it will continue to be so for the foreseeable future. However, the low
 tensile strength of concrete warrants the use of steel reinforcement. One of the most recent ideas for using reinforced
 concrete is for submerged floating tunnels (SFT) [1], a concept deemed viable by several feasibility studies [2, 3].


Although analyses of such structures have been performed [4–6], no such structure has ever been built in full-scale.


As a part of the project that aims to make the Norwegian coastal highway route E39 ferry-free [7], an SFT has been
 suggested as a means of crossing some deep and wide fjords. One of the concerns for an SFT is the case of an accidental
 explosion inside the tunnel, for instance, from a collision involving a tanker carrying flammable goods. Naturally, one
 cannot perform a full-scale test of such a massive construction, thus, one has to utilise smaller components and finite
 element (FE) simulations. This study aims to investigate the behaviour of concrete slabs subjected to extreme loading
 conditions of the type arising from a blast load. A shock tube facility [8] has been used to generate the load on the
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(2)slabs, and an important part of this study is to assess the test rig’s performance and suitability for use with concrete
 specimens and assess the qualitative performance of FE models.


With blast loading due to terrorist attacks also being an increased concern [9], expanding the database of ex-
 perimental results in this field is important – both to obtain a better understanding of a structure’s behaviour due to
 such loads, and for the verification and validation of numerical models aimed at handling this complex problem. The
 seminal work by Kingery and Bulmash [10] has been essential for determining load parameters, and has naturally been
 used in several studies [11–14]. A more general review of blast loaded plates can be found in the work by Rajendran
 and Lee [15].


Concrete slabs subjected to blast loading have been increasingly studied with various approaches [16–19]. Full-
 scale field tests on concrete slabs have been conducted by Schenker et al. [20], who found that aluminium foam added
 to the concrete structure may have positive blast mitigation properties. Fibre-reinforced concrete is typically used
 for that purpose [21, 22], and even the aggregate can be augmented to that end [23]. Retrofitting concrete slabs
 with fibre-reinforced concrete may also improve the structure’s blast performance [24]. Fibres can also improve the
 capacity of columns exposed to blast loading [25, 26]. This naturally applies to slabs as well [27], but conventional
 reinforcement is still important for the post-blast static behaviour [22]. A review of fibre-reinforced concrete subjected
 to dynamic loading has been performed by Soufeiani et al. [28].


The shock tube technique is a well-established approach used to simulate blast loading against structures [29, 30].


The appeal of shock tube experiments rather than using explosives – where even the charge orientation may influence
 the results [31] – is that the produced loads are consistent and the boundary conditions are well defined. Toutlemonde
 et al. [32] considered shock tube testing of concrete slabs to be a realistic structural test that can be used to validate
 e.g. design codes. Further testing of simply supported concrete slabs [33] showed that rapid loading may trigger a
 shear mechanism rather than bending, which could cause earlier failure compared with quasi-static bending. One-way
 slabs made from different types of concrete with various reinforcements were tested by Thiagarajan et al. [34] and
 replicated numerically, where mesh sensitivity proved to be an important issue when concrete is exposed to extreme
 dynamic loading conditions. Concrete structures exhibit a sensitivity to the load rate, a topic that is highly studied and
 debated [35–42]. An investigation into rate effects in concrete is beyond the scope of the current study, although it will
 be mentioned in the context of blast loading.


This study consists of an experimental part and a numerical part. The main experimental objective is to determine
 the blast load capacity of concrete slabs using a shock tube. Two different concrete mixes ordered as C45/55 and
 C20/25 were used to cast slabs, where the former mix was tested without reinforcement, and the latter was tested both
 with and without reinforcement. An estimate of the pressure at which the slabs suffer through-thickness cracks is made
 for the different material configurations. A battery of standard concrete material tests were carried out to verify that
 the concrete mixes possessed the mechanical properties as ordered. Potential fluid-structure interaction (FSI) effects
 during shock loading and the effects of boundary conditions are discussed, and the use of 3D digital image correlation
 (3D-DIC) as a deformation measurement tool is assessed. The shock tube as a means of generating blast loads against
 concrete components was also verfied. The experiments are captured using two Phantom v1610 high-speed cameras
 which are synchronised with the pressure recordings in the shock tube.


Finally, the numerical part of this study investigates to what extent a standard commercial FE software (LS-
 DYNA [43]) is able to reproduce the experimental results. The K&C model [44, 45] was chosen based on its ease
 of use and applicability to model blast load scenarios [17, 31, 34, 46]. Different ways of modelling the boundary
 conditions were evaluated, and the effects of altering different material parameters were studied. In general, the
 numerical simulations gave good qualitative results.


2. Material testing
 2.1. Concrete


A list of the main constituents in the concrete mixes ordered as C45/55 and C20/25 is presented in Table 1. A set
 of common quasi-static concrete tests (cube compression, cylinder compression and tensile splitting) was conducted
 to assess the mechanical material properties of the two concrete materials. Cubes with side length 100 mm were used,
 while the cylinders were 100 mm in diameter and 200 mm in length. The compression tests were carried out in a fully
 automated Toni Tech 3000 kN load controlled apparatus (load rate 0.8 MPa/s), while the tensile splitting tests were


2



(3)Table 1:Constituents of concrete recipes given in weight percentage.


Concrete mix Water Cement w/c ratio Aggr. 0-8 mm Aggr. 8-16 mm Total


C45/55 7.4 % 19.3 % 0.387 43.1 % 30.2 % 100.0 %


C20/25 8.0 % 12.9 % 0.621 50.1 % 29.0 % 100.0 %


performed in a Mohr/Federhaft/Losenhausen BP-300 compression rig (load rate 0.6 MPa/s). The tests provided the
 cube compressive strength fc, the cylinder compressive strength fcc, and the estimated tensile strength ftbased on the
 design code [47]. The mass densitiesρcwere also measured. Each test was repeated three times, except for the tests
 on the C20/25 concrete which was repeated 20 times (after 28 days of curing).


Table 2 lists the average values and standard deviation from the tests. The results show that the concrete ordered
 as C45/55 meets the requirements for the classification. For the C20/25 concrete, the cylinder and cube compressive
 strengths were 39.6 MPa and 46.3 MPa, respectively. A more accurate classification would be C30/37 according
 to [48], so this result shows that what is ordered is not necessarily what is received and underscores the importance of
 conducting material tests. For consistency throughout the study, the initial denomination (C20/25) has been retained
 for this concrete mix.


Table 2:Average values and standard deviation from material tests on concrete. Subscript numbers indicate days of curing
 Concrete mix fc,28[MPa] fc,40[MPa] fcc,28[MPa] ft,28[MPa] ρc,28[kg/m3]


C45/55 64.8±0.8 68.4±0.8 54.9±0.5 4.1±0.3 2 360±11


C20/25 46.3±0.7 49.1±0.3 39.6±0.7∗ 3.5±0.3∗ 2 445±9


∗Tested 29 days after casting due to lab schedule.


2.2. Steel


The steel reinforcement used herein is a standard off-the-shelf grid of smooth circular steel bars (initial diameter
 D0=2.6mm) connected with spot welds at centre offsets of approximately 72 mm in both directions, thereby forming
 a regular quadratic net. In total, 12 specimens used for tension tests were cut from the net – 6 in each direction of the
 net. Two of the 12 specimens (one from each direction) were cut such that the weld became part of the gauge area
 during testing, while the remaining 10 specimens were cut from between the welds.
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The steel reinforcement used herein is a standard off-the-shelf grid of smooth circular steel bars (initial diameter
 D0=2.6mm) connected with spot welds at centre offsets of approximately 72 mm in both directions, thereby forming
 a regular quadratic net. In total, 12 specimens used for tension tests were cut from the net – 6 in each direction of the
 net. Two of the 12 specimens (one from each direction) were cut such that the weld became part of the gauge area
 during testing, while the remaining 10 specimens were cut from between the welds.


0 0.02 0.08 0.10


0
 200
 400
 600
 800
 1 000


0.04  0.06 
 Engineering strain [-]


Engineeringstress[MPa]


(a)


between welds
 across weld
 bilinear model


0 0.02 0.08 0.10


0
 200
 400
 600
 800
 1 000


0.04  0.06 
 Engineering strain [-]


Engineeringstress[MPa]


(b)


between welds
 across weld


Fig. 1:tension tests of steel reinforcement in (a) direction 0◦and (b) direction 90◦.
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Fig. 1:Tension test results of steel reinforcement in (a) direction 0◦and (b) direction 90◦.
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(4)Engineering stress and engineering strain from quasi-static (estimated initial strain rate of3.6·10−4s−1) tension
 tests on the steel bars are plotted in Fig. 1, with the specimens from the 0◦ direction to the left and those from the
 90◦ direction to the right. Included in Fig. 1(a) is the bilinear material model used for the reinforcement in the
 numerical simulations in Section 4. The average yield stress defined as the stress at 0.2% plastic strain, and its standard
 deviation, were calculated to be 766.4±13.6 MPa. Based on the tension tests, Young’s modulus was calculated to be
 210 277±9 669MPa. The fracture strainεf after testing was obtained by measuring the diameterDf at the root of
 the neck, enabling the calculation ofεf =2 ln D0/Df– which resulted inεf =0.880±0.041.


3. Component tests


A shock tube facility was used to test concrete slabs cast from the C45/55 and C20/25 concretes described above.


In addition to assessing the performance of the shock tube, a main objective was to observe how the slabs behaved
 when exposed to increasing shock loads, as well as to estimate the overpressure at which through-thickness cracks
 appear. For the C20/25 concrete, reinforcement was added to some of the slabs to determine the influence of adding
 steel bars on the crack pattern and deformation. The reinforcement grids were placed with an approximately 7 mm
 offset from each surface, making the distance between their centres approximately 36 mm.


To maintain good control of the geometry, the concrete slabs were cast in a custom-made wooden mould (see
 Fig. 2) designed according to the shock tube dimensions, as suggested by Toutlemonde et al. [32]. Smooth lubricated
 plastic tubes were inserted through the bolt holes to secure a proper shape and to align the cutouts. When including
 the reinforcement, some of the reinforcement bars were cut to accommodate the plastic tubing. The mould and plastic
 tubing were removed two days after casting, and the slabs were then stored in moist burlap sacks at room temperature
 to provide good curing conditions. A reinforcement bar looping on the outside of the bolt holes was added to provide
 a lifting point and to restrain shrinkage.


In the following paragraphs, the shock tube is introduced, followed by a more detailed description of the component
 tests, which are summarised in Table 3.


plastic tube
 cutouts for bolts


Fig. 2:Wooden mould used to cast slabs.


3.1. Shock tube description


Fig. 3 shows a sketch of the shock tube, with the driver section on the left followed by the driven section in the
 middle, constituting most of the length of the shock tube. Two pressure sensors (1 and 2) are mounted on the right
 end, close to where the slabs are clamped. The expansion tank then follows, into which the pressure is relieved if the
 test specimen fails. Windows are mounted on both sides of the tank, enabling two Phantom v1610 high-speed cameras
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(5)Table 3:Data from calibration tests and shock tube experiments on concrete slabs.


Initial conditions Experimental results Figures


Pd `d Dt T0 P0 Ppeak vs i+e t+ P(t) Photo


Test ID [kPa] [m] [days] [◦C] [kPa] [kPa] [m/s] [kPa·ms] [ms] [-] [-]


M-07 3990 0.27 - 21.8 101 733 581 ( - ) 8081 51 5(a) 4(a)


M-11 3812 0.77 - 23.6 100 1105 639 ( - ) 16613 74 5(b) 4(a)


M-16 7766 0.77 - 23.2 100 1623 704 ( - ) 30149 79 5(c) 4(a)


M-39 7706 2.02 - 21.3 100 3928 730 ( - ) 59244 89 5(d) 4(a)


C45-07 3948 0.27 32 22.2 98 717 581 (610) 6063 32 5(a) 6(a)


C45-12 4069 0.77 32 24.9 99 1161 654 (658) 15535 56 5(b) 6(b)


C45-17 7620 0.77 91 25.7 100 1712 714 (719) 25415 40 5(c) 6(c)


C45-29 7972 2.02 39 26.0 102 2929 - (769) 26423 18 5(d) 6(d)


C20-11 3940 0.77 49 21.1 103 1145 641 (641) 25940 83 8(a) 9(a)


C20-16 7540 0.77 50 23.6 103 1603 694 (690) 30548 57 8(b) 9(b)


R20-12 4052 0.77 50 21.0 103 1180 641 (637) 25558 77 8(c) 9(c)


R20-17 7375 0.77 50 23.5 103 1688 709 (704) 29255 57 8(d) 9(d)


C20-14 7291 0.77 372 20.6 101 1441 707 (701) 25218 45 11(a) -


R20-15 7873 0.77 372 20.7 101 1558 703 (698) 25087 44 11(b) -


to capture the events at a specified frame rate (24 000frames per second in this study). A detailed description of the
 shock tube can be found in the work by Aune et al. [8].


The driver and driven sections are separated by diaphragms in the firing section. Here, a pressure difference
 between the pressurised driver section at (absolute) pressurePdand the driven section (at atmospheric pressureP0) is
 built up in a stepwise manner by multiple intermediate chambers, separated by a specified number of diaphragms. The
 diaphragm(s) separating each pressure chamber in the firing section is able to withstand a certain pressure gradient


∆P<Pd−P0. To initiate the shock wave, the intermediate chamber closest to the driver section is rapidly vented to
 atmospheric pressure, thereby making the pressure gradient over the diaphragm larger than∆P, thus puncturing the
 diaphragm. Now, the remaining diaphragms rupture in turn, and the shock wave propagates down the driven section.


A massive steel plate with 10 pressure sensors (labelled 3 to 12 and shown in Fig. 4(a)) was used to measure the
 arrival times of the shock wave at different locations across the cross-section of the shock tube. The measurements
 indicated that the arriving shock wave is plane. Pressure sensors 1 and 2 in Fig. 3, flush mounted with the internal
 wall of the shock tube, registered the pressure close to the slab during each test.


The firing pressurePd and the length`dof the driver section (data presented in Table 3) determine the load curve
 at the test component. It is not a viable solution to mount pressure sensors on an actual test specimen to measure
 the load; thus, for all combinations of driver length and firing pressure used for the concrete slabs, equivalent tests
 were performed on the massive steel plate (see Fig. 4(a)) equipped with pressure sensors 3 to 12. The pressure-time
 histories from sensor 3 in these tests can be observed as solid black lines in Figs. 5 and 8. Data from sensors 1 and 2
 in the massive steel plate tests match the data from the corresponding sensors in the concrete tests well in the initial
 loading phase and for the peak overpressure. This result means that the data from sensor 3 in the massive steel plate
 tests will provide a good approximation to the load that the concrete slabs experience as long as the deformations in


DRIVEN 73◦


1.70m


Cam
 1
 Cam


2
 Test specimen


Pressure
 sensor 1 & 2
 Firing section


0.77m 16.20m


DRIVER
 Aluminium
 inserts


TANK


Fig. 3: Schematic view of the shock tube. The volume in the driver can be adjusted by inserting/removing aluminium inserts which alter the
 length`dof the driver section (0.77 m in this figure), where a larger volume typically results in a larger impulse, positive phase duration and peak
 overpressure.
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(6)inner cross-
 section tube


pressure 
 sensors 3-12


(a) Massive plate with pressure sensors [8]
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(b) Clamped concrete plate
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(c) Sketch of concrete slabs in mm


Fig. 4:On the left, (a) is the end section of the shock tube with the massive steel plate with pressure sensors, along with dashed lines showing the
 inner profile of the shock tube. The centre picture (b) shows a concrete slab (with speckle pattern for 3D-DIC measurements) mounted to the shock
 tube, while a sketch of the concrete slabs (including the reinforcement for the lifting point) is shown on the right (c).


the concrete slabs are small. A 25 mm thick metal plate is used to clamp the concrete slabs, as depicted in Fig. 4(b). A
 sketch of the geometry of the slabs is shown in Fig. 4(c). For the C45/55 tests, a steel clamping plate was used, while
 for the C20/25 tests, either an aluminium plate or a steel plate was used to check whether the clamping plate material
 exerted any influence on the results.


In Table 3, the slabs are identified by the material (C45 or C20 for short, and R20 for reinforced C20/25 slabs) and
 by the peak pressurePpeakas logged by sensor 21, meaning that the C45/55 slab exposed to approximately 0.7 MPa
 (700 kPa) load is named C45-07 and so on. For the calibration tests using a massive steel plate, an “M” is used rather
 than “B” or “R”, and the centre pressure sensor is used to identify the pressure. The days after castingDt, temperature
 T0 and ambient pressureP0 are the remaining initial conditions in Table 3. The included experimental data are the
 peak pressure Ppeakand the positive specific impulsei+e. The durationt+of the positive specific impulse is given in
 ms. The shock wave velocityvsas calculated based on data from sensors 1 and 2 is also presented. An alternate value
 based on data from two other sensors closer to the driver section is presented in parentheses. Finally, references to
 figures showing the pressure-time historyP(t)and photographs of the specimens are provided in the last two columns.


3.2. C45/55 series


The target load for the first slab was a 700 kPa overpressure, based on a draft edition of the Norwegian Public
 Roads Administration’s Handbook 185 regarding bridge design [49]. This has since been replaced by the guidelines in
 N400 [50], which does not provide any specific design overpressure but requires that an assessment is made for each
 specific project. Generally, a blast load has large variations in peak pressure and duration depending on a large variety
 of parameters, making it somewhat difficult to standardise compared with other, more common, loads. Nevertheless,
 700 kPa [49] was chosen as a basis for further testing as this load is well within the capabilities of the shock tube [8].


The nuts securing the steel clamping plate were tightened very firmly for all the C45/55 slabs, using a large wrench
 producing a strong torque that was unfortunately not measured. Compared with the torque measured to 140 Nm in
 subsequent tests, the torque used for the C45/55 slabs is estimated to be higher. Some small but noticeable cracks
 appeared close to the bolt holes in the C45/55 slabs after tightening the nuts.


As indicated by the grey curve in Fig. 5(a), the first target load of 700 kPa was achieved. For this load, only minor
 surface cracks were observed on the slab, and the cracks are accentuated by red lines in Fig. 6(a). It was then decided
 to increase the load by increasing the length`dfrom 0.27 m to 0.77 m (and hence the volume) of the driver of the
 shock tube. Now, the peak overpressure as measured by sensor 2 was approximately 1200 kPa, and some secondary
 reflections can be observed in the pressure-time recordings in Fig. 5(b). This load produced more noticeable surface
 cracks, as is evident from Fig. 6(b) without any highlighting.


1When the peak pressures were similar, the closest unique integer was chosen.
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1When the peak pressures were similar, the closest unique integer was chosen.
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Fig. 6: The four C45/55 concrete slabs tested in the shock tube with increasing pressure from left to right. The side shown is opposite to the side
 where the shock wave arrives.


From the high-speed footage it was possible to identify a few small fragments detaching from the slab. The cracks
 did not appear to extend through the slab, thereby retaining some structural integrity. FSI effects are typically influential
 when deformations are large [14, 51]; thus, due to the small deformations and the absence of through-thickness cracks
 in the slabs, it is concluded that any FSI effects are negligible for C45-07 and C45-12. The pressure-time histories
 from the concrete tests (grey curves in Fig. 5) are very similar to the pressure recordings from the same sensor (sensor
 2, blue curves) in the calibration tests on the instrumented massive steel plate. This result indicates that the pressure
 from sensor 3 (black curves) is a valid representation of the pressure at the concrete slab.


By further increasing the pressure to approximately 1700 kPa, larger pressure reflections were observed, as shown
 in Fig. 5(c). The slab now suffered through-thickness cracks (see Fig. 6(c)), which were observed from the video
 recorded by the high-speed camera. In the video, air (made visible by dust particles) is clearly escaping through the
 concrete, and fragments come off the slab as depicted in Fig. 7. Here, the yellow arrows in the middle picture show the
 areas through which the air was able to penetrate first. These areas are close to the boundary of the load area, and in
 the later images, the through-thickness cracks extend towards the centre of the slab. It appears that FSI effects for this
 case amount to the leakage of pressure through the plate. This alters the pressure-time history only to a small degree
 compared with the massive plate tests since the volume passing through a narrow slit is very limited. In Fig. 5, the
 differences between the grey (concrete test) and blue (calibration test) curves are small in the early stages of the test,
 while some deviations occur when through-thickness cracks appear (after the second peak, cf. Fig. 7). The slightly
 different firing pressures Pd between the tests also affect the pressure-time histories. The lowest pressure causing
 through-thickness cracks is estimated to be between 1161 kPa and 1712 kPa (see Table 3).


The largest pressure in this test series caused a complete collapse of the concrete slab. Fig. 6(d) shows the remnants
 of the C45-29 slab, while the part not shown was largely pulverised. From Fig. 5(d), the pressure drops rapidly after
 attaining the peak value since the concrete ruptures completely and the air is allowed to pass more or less freely into
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(8)t= 0 ms t= 2.75 ms t= 5.29 ms t= 14.71 ms t= 21.13 ms


Fig. 7: High-speed footage of C45-17, where the first image from the left shows the undamaged slab just before the shock wave arrives. After
 2.75 ms, just after the initial peak, a few surface cracks have appeared, while at 5.29 ms, through-thickness cracks are present, as indicated by dust
 and air escaping through the slab (look near the yellow arrows). Having passed the secondary peak in Fig. 5(c), more fragments come off the slab
 (at 14.71 ms). In the final image, taken at 21.13 ms, the cracks are wide open and dust is starting to obscure the view.


the expansion tank. This fourth C45/55 slab completes a good test series, ranging from minor surface cracks for the
 lowest load to complete collapse for the highest load. For all slabs, the cracks arising in the load area typically connect
 with the bolt holes.


3.3. C20/25 series concrete


For the C20/25 tests, the two middle pressure levels from the C45/55 series were chosen because they produced
 surface cracking and through-thickness cracks. These two loads were each applied to the two plain C20/25 concrete
 slabs and to the two C20/25 concrete slabs with steel reinforcement (labelled R20 in Table 3). Pressure-time histories
 from these four tests are plotted in Fig. 8. When tightening the nuts for the clamping plate, care was taken to create a
 snug and tight fit without producing any cracks, as opposed to the C45/55 slabs, which suffered some small cracks in
 this phase. Two additional tests (one without and one with reinforcement) were conducted using a steel clamping plate
 rather than aluminium, and the higher of the two loads (approximately 1.6 MPa overpressure at the concrete slabs).


In the time between the C45/55 series tests and the C20/25 tests, the expansion tank on the shock tube was equipped
 with a new window on the opposite side of the existing one, which enables the use of a second high-speed camera
 (see Fig. 3). With two cameras, it is possible to use a 3D digital image correlation (3D-DIC) technique to measure
 the deformations in the slabs. In this study, the finite element based DIC code eCorr [52] was used for all DIC
 measurements.


The slabs were consequently painted for 3D-DIC use, and this speckled paint pattern is shown in Fig. 4(b) and
 Fig. 9. The pattern had a size distribution in the range of 2-4 mm, equivalent to approximately 3-7 pixels, where the
 speckle size was based on minimising the effect of aliasing in the DIC code [8]. Three different calibration setups
 were used in the computation of the deformations, with very little variation between them (tenths of millimetres). This
 result confirmed that the DIC procedure is consistent and well suited for this application.


When the pressure is released, the shock tube recoils in a rigid body motion. To measure this movement, checkered
 stickers were glued to the clamping plate to serve as reference points (see Fig. 4(b)). From the DIC, this movement
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Fig. 8:Pressure-time histories (grey) from sensor 2 in shock tube tests of C20/25 concrete slabs: (a) C20-11, (b) C20-16, (c) R20-12 and (d) R20-17.


The results from tests performed on a massive steel plate with pressure sensors are shown as solid black lines.
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Fig. 9:The four C20/25 concrete slabs tested in the shock tube. The side shown is opposite to the side where the shock wave arrives. Pre-existing
 cracks are highlighted with green, while cracks arising from the shock tube tests are red.
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Fig. 10:Mid-point deflection from DIC (grey) in shock tube tests of C20/25 concrete slabs: (a) C20-11, (b) C20-16, (c) R20-12 and (d) R20-17,
 while the red lines show the results achieved by FEM.


was registered and subtracted from the measured displacement of the plate to obtain the actual deformation of the
 plate. The movement was measured at four points across the clamping, and the mean of these measurements was used
 to correct the deformations measured in the concrete slab. The results are shown in Fig. 10, where the out-of-plane
 displacement bands of the four nodes of the centre element from the DIC analysis are plotted. The lower curve is the
 smallest displacement of the four nodes and the higher is the larger, and the other two lie in the hatched grey area in
 between. The red lines indicate the mid-point deflection obtained by the finite element method (FEM) described in
 Section 4.


The most notable difference between the C20/25 and the C45/55 slabs is the absence of open through-thickness
 cracks in the former (see Fig. 9), as shown in Fig. 6(c) for comparable loading. As C20/25 is a weaker mix, larger
 and more prominent cracks were expected. With the loads being of similar magnitude, the discrepancy is most likely
 caused by other parameters. A lower torque was used for the C20/25 series, resulting in smaller and/or fewer micro
 cracks appearing during bolt tension, lower stiffness of the system, and lower initial stresses in the concrete. The effect
 of the bolt force is therefore investigated numerically in Section 4.3. In addition, an aluminium clamping plate was
 used rather than steel. When the stiffness of the test object (concrete slab in this case) is close to the stiffness of the
 frame clamping it, deformations are likely to also occur in the clamping plate.


In all the C20/25 slabs, surface cracks were dominant, and the reinforcement reduced the deformation (clearly
 observed in Fig. 10) and directed the cracks along the reinforcement grid, as also observed by Tu and Lu [46]. For
 this problem, it is demonstrated that potential FSI effects are limited to leakage either via through-thickness cracks
 or small gaps between the clamping and the test slab, but these effects are small and difficult to isolate. No obvious
 through-thickness cracks were observed, although the concrete, with and without reinforcement, appeared to be on the
 brink of giving in. The lowest pressure causing through-thickness cracks is estimated to be slightly above 1688 kPa.


Finally, the two tests with the highest load were repeated with one difference: the aluminium clamping plate was
 replaced by a steel plate. The higher of the two loads was chosen, and one slab without reinforcement and one with
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Fig. 11: Pressure-time histories from sensor 2 (grey lines) in shock tube tests of C20/25 concrete slabs with steel clamping plate, where (a) is
 C20-14 and (b) is R20-15, along with tests performed on a massive steel plate with pressure sensors (black lines).
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Fig. 12:Mid-point deflection histories from DIC (grey) and FEM (red) of shock tube tests of C20/25 concrete slabs: (a) C20-14 and (b) R20-15.


reinforcement were tested, called C20-14 and R20-15, respectively, in Table 3. Pressure-time histories are shown
 in Fig. 11, and DIC measurements are shown in Fig. 12. Although the out-of-plane deformation is above 2 mm in
 Fig. 10(b), it is below 2 mm in Fig. 12(a). This result is partly due to the steel clamping frame and partly due to a
 slightly lower pressure load. Due to a worn out O-ring, the desired firing pressurePdwas not fully attained for C20-14,
 causing a gap between the peaks of the grey and black curves in Fig. 11(a). The O-ring was replaced and worked well
 for R20-15. The levels of deformation, both relative and absolute, are in accordance with expectations. In addition, the
 tightening torqueTtwas now measured to 140 Nm using a torque wrench. By using a commonly assumed nut factor
 K of 0.2 [53], the pretension forcePprein the bolts is estimated to approximately 30 kN by the following relation [54]:


Tt =K ·db·Ppre (1)


in whichdbis the bolt diameter.


4. Numerical simulations


Finite element simulations of the component tests are conducted using the explicit version of the solver LS-
 DYNA [43]. The main goals of the simulations are to investigate the effects of various parameters qualitatively
 during blast loading of concrete slabs and to assess the level of quantitative accuracy obtainable by using some of the
 techniques available in the code.


4.1. Setup of simulations


All simulations are purely Lagrangian, and the blast load is applied as a uniform pressure across the load area
 measuring 300 mm×300 mm (see Fig. 4(c)). Pressure-time histories are taken from the massive-plate experiments.


Fig. 13 shows a rendering of the numerical setup, which consists of four major parts: the shock tube flange, the
 concrete slab, the clamping plate, and the bolts. The concrete slab is placed in contact with the shock tube flange and
 the clamping plate on the outside of the slab as in the experiments.
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Fig. 13:Rendering of the numerical setup for the simulations, showing the front where the shock wave arrives (left) and the back which was filmed
 by the high-speed cameras in the experiments (right). The clamping plate and the concrete slab have been cut and three of the bolts have been
 removed to show all the parts more clearly.


concrete slab, the clamping plate, and the bolts. The concrete slab is placed in contact with the shock tube flange and
 the clamping plate on the outside of the slab as in the experiments.


Twelve bolts then ensure that all parts are clamped together. All four parts are meshed with eight-node linear
 brick elements with reduced integration. Simulations using different element sizes showed that a fair compromise
 between speed and accuracy was obtained at an element size of approximately 10 mm (meaning five elements across
 the thickness). If more detailed crack patterns are of interest, then a finer mesh should be used. No extra damping
 is included in the model. When relevant, steel reinforcement bars are included as a fifth part using two-node beam
 elements with six degrees of freedom per node as this is a common and tested approach for including reinforcement in
 concrete [34, 55]. The beam elements are then superimposed with the solid mesh using the “Constrained Lagrange in
 solid” keyword [43], which assumes a perfect bond. Given a sufficiently fine discretisation, using solid elements also
 for the reinforcement bars would give more accurate results for large deformations. In addition, solid elements would
 enable modelling of the potential debonding between the concrete and the reinforcement. However, because the plastic
 deformation of the steel grid was minor (at most), and because no significant slip between the reinforcement and the
 concrete was noted in the experiments, the beam element approach should yield sufficient accuracy while keeping the
 CPU cost a reasonable level.


The surface nodes of the shock tube flange facing away from the concrete slab are restrained in all spatial directions,
 simulating the fixed connection to the rig. Between all four major parts, a penalty-based surface-to-surface contact
 formulation is used with a friction coefficient of µ = 0.4 between each other. To emulate the tension force in the
 bolts, a small displacement is applied to the end of each bolt (see Fig. 13), thereby causing the bolt head to restrain
 the clamping plate. The magnitude of this displacement was chosen such that the force in the bolt conformed with the
 estimate from Eq. (1), which was approximately 30 kN.


While all the different parts (end of shock tube, prestressed bolts, and clamping plate) may seem excessive at
 a glance, they are quite important. A first attempt was made to model the concrete slab alone, using only nodal
 constraints [56]. The nodes in the bolt holes were constrained from any radial motion, while the nodes in contact
 with the shock tube and the clamping plate were restrained from out-of-plane movement. This led to an overly
 constrained system only reproducing parts of the damage pattern and with much lower damage magnitudes compared
 with simulations using contact boundary conditions. Fig. 14 shows a fringe plot of the scaled damage parameterδ
 (see Section 4.2) in the slabs at the end of the simulation. This shows that an accurate representation of the boundary
 conditions is crucial for good results. When using only nodal constraints, the simulation time was 11 minutes on a
 single CPU. When including all the parts, the simulation time increased to about 75 minutes. Further, the hourglass
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Fig. 14:Results from the numerical investigation of the boundary conditions, showing a fringe plot of the scaled damage parameterδin the slabs
 at the end of the simulation.


technique used was quite critical to the outcome, with stiffness-based hourglass models outperforming the viscous ones
 and therefore being preferred in simulations involving fast transient dynamics [57, 58]. When changing the hourglass
 technique from the default (viscous) to the stiffness based with exact volume integration, the hourglass energy dropped
 from above 30% to approximately 3%.


The base case for the numerical studies is an unreinforced C20/25 concrete slab with a steel clamping frame
 exposed to a peak pressure load of approximately 1200 kPa (the black curve in Fig. 5(b)). Then, alterations are made
 one at a time to this numerical setup, and the differences in results caused by these alterations are assessed to determine
 what influence each parameter exerts. The parameters to change, one at a time, are the following (initial values given):


• Doubling and halving of the unconfined compressive strength fcc=39.6MPa


• Doubling and halving of the tensile strength ft=3.5MPa


• Doubling and halving of the tensile forcePpre=30kN in the bolts


• Doubling and halving of the coefficient of frictionµ=0.4


After testing the effects of changing these parameters, an attempt is made to recreate some of the component tests for
 comparison with the experimental results. The C20-16 test (cf. Table 3) is used as a base case, while some distinct
 changes are made to the model, and the changes are following:


• Decreasing the load (C20-11)


• Adding reinforcement (R20-17)


• Changing the concrete from C20/25 to C45/55 (C45-17)
12
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